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Research on nucleic acid and protein metabolism in yeasts, higher 
plants and in viral infections of higher plants is described.
The antibiotic lomofungin, and 8-hydroxyquinoline were studied as 
inhibitors of ENA synthesis in yeast, and their mode of action was 
shown to be by chelation of bivalent cations required for ENA. 
polymerase activity. The turnover of messenger RNA in yeast was 
studied using 8-hydroxyquinoline, and a mechanism of translational 
control over yeast protein synthesis proposed.
Research on rates of ribosomal and messenger RNA synthesis in 
fission yeast (Schizosaccharomyces pombe) and budding yeast 
(Saccharomyces cerevisiae) suggested that for both species, synthetic 
rates of both types of macromolecule doubled after the period of 
DNA synthesis in each cell cycle. A simple model relating DNA content 
(gene dosage), rate of transcription and observed patterns of enzyme 
accumulation during the cell cycle was proposed for S_. pombe. The 
model was tested and elaborated by study of mutant cells differing 
in their genetic control over cell size; by examining haploid and 
diploid cells, and by a mathematical simulation. The results 
suggested that a cell-size related control operated over the rate 
of transcription, and could be important in control of cell growth 
rate and balanced exponential growth.
Experiments with the higher plant cell cycle used the synchronous 
cell divisions induced in explants of Jerusalem artichoke tuber by 
excision and culture. Freshly cut explants contained polyadenylated 
messenger RNA and ribosomal RNA. Messenger RNA synthesis predominated
in the first few hours of culture; later, ribosomal ENA was 
accumulated in a stepwise manner, but the periodicity was shown 
not to be cell-cycle related. Ribosomal RNA synthesis was not required 
for induction of cell division or for the net accumulation of protein 
that occurred during the first two divisions. Two periods of 
putative messenger ENA synthesis were identified which were required 
for the occurrence of the succeeding divisions.
Tobacco mosaic virus ENA was shown not to be polyadenylated, and 
not to have detectable méthylation. A previous report of nucleoside 
residues with cytokinin activity in this ENA could not be confirmed.
Tobacco mosaic virus infection of tobacco plants inhibited synthesis 
and decreased stability of chloroplast ribosomal ENAs. Synthesis of 
cytoplasmic ribosomal RNA was initially stimulated, but was inhibited 
during active virus multiplication. Cytoplasmic ribosomal RNA 
stability was increased by infection. Virus infection reduced the 
rate of host protein synthesis by 75%» hut did not alter the host 
polyadenylated messenger RNA content, suggesting a control at the 
translational level. Changes in concentration of abscisic acid were 
measured after infection, and shown to be important in control of 
growth and ENA metabolism in infected plants.
Constitutive resistance to tobacco mosaic virus controlled by the 
Tm-1 gene in tomato, and induced resistance to the virus in tobacco 
were studied, and information gained on the mechanism involved in 
each resistance. Methyl benzimidazol-2yl carbamate was found to 
inhibit tobacco mosaic virus multiplication in tobacco.
ENA metabolism was studied in germinating S_. pombe ascospores, 
and in germinating tobacco and carrot seeds.
Methods were developed for detection of polyadenylated messenger
3
ENAs, and for radioassay of ahscisic acid in plant extracts.
A review article discussed the involvement of plant growth 
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httroduction
During a research career, the areas of science one studies can 
change considerably. Partly this is due to evolution and broadening 
of interests, and to opportunities opened by new contacts or 
techniques. Partly it can be a result of the demands of geography 
and employment. The papers in this thesis deal with a wide range of 
living organisms: bacteria, yeast, higher plants and a mammal, as
well as with plant viruses. The common denominator to the great 
majority of the papers is that they attempt to interpret biological 
processes, such as the cell cycle, or virus infections of plants, in 
terms of the molecular behaviour of nucleic acids and proteins. This 
introduction is intended to place the main subject areas in 
perspective.
The cell cycle in yeast
An understanding of the controls involved in the cell cycle is 
central to understanding growth and development of living organisms. 
In balanced exponential growth, such as is seen in logarithmic phase 
cultures of unicellular micro-organisms, there is the problem of 
the control of balanced duplication of all the tens of thousands 
of cell components in each cycle. With division at the end of the 
cycle, the two daughter cells produced are each identical to the 
mother at the same stage in the previous cycle.
The fission yeast Schizosaccharomyces pombe provides an ideal 
opportunity to study this problem. It does show balanced exponential 
growth in culture, and synchronously-dividing cultures are easily 
prepared (Mitchison and Vincent, 1965)* It is normally haploid, which 
facilitates genetic manipulation, but diploid strains may also be
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prepared (Nurse, Thuriaux and Nasmyth, 1976). 1”̂ must be ranked as 
one of the simplest eukaryotes; the genome size is only four 
times that of the bacterium Escherichia coli (Mitchison, 1970).
The first part of the work on the yeast cell cycle included in 
this thesis was descriptive: measurement of the rates of synthesis
of polyadenylated messenger ENA (poly(A)mENA) and ribosomal ENA 
(rENA) during the cycle (Eraser and Moreno, 1976). This paper also 
attempted to relate the observed changes in synthetic rate to 
DNA replication and published patterns of enzyme accumulation 
(Mitchison and Creanor, 19 6 9). A parallel study dealt with synthetic 
rates in the budding yeast Saccharomyces cerevisiae (Fraser and 
Carter, 1976) in which the cell cycle is somewhat more complex than 
in S_. pombe. Both organisms showed similar cell cycle patterns of 
macromolecular synthesis.
The early experiments on the S_. pombe cell cycle produced a simple 
model for control of growth during the cell cycle, relating DNA 
replication (gene dosage), rate of mENA synthesis, and rate of 
protein accumulation (Eraser and Moreno, 1976). However, it soon 
became apparent that mutants of _S. pombe with alterations in the 
genetic control of cell size (Nurse, 1975) posed a serious challenge 
to this simple model. In particular, the half-normal size mutant 
wee 1—50 had a growth rate, measured as rate of protein accumulation 
per unit DNA, much lower than that of wild type. Clearly there was 
no rigid relationship between DNA content, rate of transcription and 
rate of protein accumulation.
Experiments on the cell cycle of wee 1-50, and on a series of 
diploid strains of different size, suggested that after DNA
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replication, a higher rate of transcription is not activated 
until the cell reaches a critical size (Fraser and Nurse, 1978; 
Fraser and Nurse, 1979). This size, measured as mass per haploid 
genome, is the same for mutants and wild types of all sizes. A 
mathematical analysis (Barnes, Nurse and Fraser, 1979) suggested 
that such a control could be very powerful in regulation of the 
accumulation of cell components to give balanced exponential growth. 
Its attraction is perhaps increased by evidence that the cell 
cycle timing of DNA synthesis is also controlled by a separate cell 
size control (Nurse, 1975; Nasmyth, Nurse and Fraser, 1979).
It must be stressed that the proposed cell size control over 
transcription is not envisaged as the only level of control. It is 
probable that transcription of some of the genome could be under 
separate types of control. The size-related control may also be 
modulated or even over-ridden in response to environmental changes, 
or conditions forcing the cells away from balanced growth.
A pre-requisite for the analysis of the role of messenger ENA 
metabolism in control of the yeast cell cycle was an estimate of 
mENA half life (Fraser, 1975). One approach to measurement of this 
was to use inhibitors of mENA synthesis, but at the time the work 
was started no suitable inhibitors were available for yeast. 
Experiments with a new antibiotic, lomofungin (Fraser, Creanor 
and Mitchison, 1 9 7 3) gave an understanding of its mode of action: 
chelation of bivalent cations required for ENA polymerase activity 
(Fraser and Creanor, 1975). This knowledge also led to selection 
of a more suitable inhibitor of ENA synthesis, 8-hydroxyquinoline 
(Fraser and Creanor, 1974)*
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Studies of messenger turnover and protein synthesis using these 
inhibitors led to the discovery of an apparent mechanism of 
translational control of protein synthesis in S. pombe, involving 
long-lived mENA (Creanor, May and Mitchison, 1975; Fraser, 1975)*
The cell cycle in higher plants
Studies of the cell cycle in higher plants are necessarily made more 
difficult by the greater complexity of the organism and by the 
greater technical difficulty in manipulating the system. A synchro­
nously-dividing culture of cells undergoing true balanced exponential 
growth is very difficult to achieve. A significant step forward was 
the development of a system for culture of explants of Jerusalem 
artichoke tuber tissue (Yeoman, Dyer and Robertson, 1 9 6 5). In this 
system the first few divisions are inherently synchronous (Yeoman 
and Evans, 1 9 6 7).
An early part of the work in this thesis was a study of the 
effects of light on cell division (Fraser, Loening and Yeoman, 1 9 6 7). 
As a useful by-product, this work permitted the percentage of cells 
undergoing the synchronous divisions to be considerably increased. 
Further work used the convenience of the aseptic tissue culture 
system for early experiments on the synthesis of rREA and its 
precursors in higher plant tissues (Rogers, Loening and Fraser, 1970)«
Analysis of rRNA and poly(A)mRKA metabolism during the induction 
and progress of synchronous division was initially descriptive, 
defining patterns of accumulation and synthesis (Fraser and Loening, 
1974; Fraser, 1975b). Further experiments with inhibitors of various 
types examined whether the observed changes were cell cycle-related 
events (Fraser, 1975a; 1975b. Fraser and Loening, 1974)* Generally 
it was concluded that the accumulation of ENA and protein observed
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during the early stages of culture did not depend on the occurrence 
of DNA synthesis and cell division, and that the periodic pattern 
of ENA accumulation was probably not cell cycle-related. Further 
experiments with inhibitors probed the extent to which cell division 
and protein accumulation depended on changes in ENA metabolism.
It was concluded that cell division and net protein accumulation 
could occur without synthesis or accumulation of new ribosomes 
(Fraser, 1975b). In contrast, two periods of putative messenger ENA 
synthesis were identified, which were necessary for cultures to 
become competent to complete the following cell divisions (Fraser, 
1975a).
The artichoke tuber tissue culture system has limitations if 
considered purely in the context of cell cycle studies. Excision 
and culture induce a process of de-differentiation, so that cells 
produced after each successive division become progressively more 
different from those at the start. However, the system does have 
merit for studying the processes involved when mature, differentiated, 
non-dividing storage parenchyma cells are induced synchronously 
to de-differentiate and revert to meristematic, actively-dividing 
cells.
Plant-virus interactions
In many branches of prokaryotic and eukaryotic biology, investigators 
have utilized viruses as useful model systems for study of the control 
of gene expression in the organism. Higher plants are no exception. 
Apart from dissecting how viral genes are expressed and controlled 
in the host cell, interesting questions are raised about the 
molecular mechanisms involved in the control of the host-virus
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interaction. How is it, for example, that something as simple as 
tohacco mosaic virus (TMV), with a genome coding for only three 
or four proteins, can take over the immensely more complex host 
plant and virtually convert it into an assembly line producing 
virus particles? In a successful infection, some 75% of the host 
protein and ENA synthesizing capacity can be diverted to production 
of viral nucleoprotein (Fraser, 1975; Fraser and Gerwitz, 1980).
By the end of multiplication the virus can amount to 10% of the 
total dry weight (Fraser, 1972).
The examination of host-virus interactions reported in this 
thesis originally concentrated on TMV infection of tobacco, as the 
virus is highly stable and easy to quantify (Fraser, 1971)» Studies 
on host ENA metabolism and protein synthesis (Fraser, 1969; 1972;
1973; 1973a; Fraser and Gerwitz, 1980) gave information on how 
host macromolecular synthesis was altered, and suggested levels of 
control. Further work concentrated on plant growth regulators and 
gave some insight into their role in control of growth and metabolism 
in virus-infected plants (Whenham and Frase^ 1980; 1981; Fraser and 
Whenham, 1982).
Despite the comparative molecular simplicity of TMV - its molecular 
weight is only 40 x 10^ - and the fact that it is one of the most 
intensively studied plant viruses, there are still areas where our 
understanding of it at a purely chemical level is incomplete. An 
early study (Fraser, 1973a) showed that although its ENA is a 
messenger (plus) sense strand, it does not contain the polyadenylic 
acid sequence characteristic of many eukaryotic (and viral) messengers. 
The same paper showed that TMV ENA contains no detectable (i.e. less 
than six) methylated sites on the bases or ribose moieties, a
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finding consistent with messenger function. Subsequently, it has 
been shown that TMV RNA contains a 7-methyl guanosine ’cap' at 
the 5' end (Richards, Guilley, Jonard and Hirth, 1978). This low 
level of methylation would not have been detected by the technique 
used previously (Fraser, 1973a ).
An interesting and provocative report was that TMV ERA contained 
between 5 and 17 modified nucleoside residues with cytokinin 
bioactivity (Sziraki and Balazs, 1979). However, re-examination 
of the question using a newly-developed and highly sensitive 
gas chromatographic assay for cytokinins (Whenham, 1981) as well 
as bioassay failed to reveal any cytokinins at detectable levels 
in TMV ERA (Whenham and Fraser, 1982).
Leaving aside their interest as model genes and probes for 
analyzing host biochemistry, plant viruses have obviously a more 
sinister side. They cause considerable damage and loss of yield 
in many crop species. At present no chemical treatments, analogous 
to fungicides for fungal diseases, are available for virus infections. 
Work on methyl benzimidazol-2yl carbamate (MBC), the fungitoxic 
principle and water-decomposition product of the benomyl fungicides 
(Clemons and Sisler, 1969) suggested that this compound could 
suppress formation of TMV mosaic symptoms in tobacco (Tomlinson, 
Faithfull and Ward, 1976). Further experiments reported in this 
thesis showed that this compound could strongly inhibit TMV 
accumulation; defined its effects on virus multiplication, symptoms 
and plant growth, and provided some indication of its possible mode 
of action (Fraser and Whenham 1978; 1978a). MBC may eventually 
receive approval for use against specific virus diseases of high 
value cash crops. However, any future development of chemothera­
peutic agents is more likely to be based on a rational understanding
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of the "biochemistry of host-virus interaction rather than on the 
present somewhat empirical approach.
The method of choice in combatting virus disease is host resistance, 
if this is available in the particular crop. Many examples of 
resistance are known; they may be grouped conveniently into three 
types of mechanism.
1. ’Non-host' immunity occurs where a plant is not normally a
host for a particular virus and is completely unaffected by it. For 
example, TMV will infect and multiply in tobacco, tomato and certain 
types of bean. In contrast, bean common mosaic virus (BCMV) will 
infect beans but has no effect on tobacco or tomato. The mechanism 
of their immunity is not understood, but one possibility is that 
BCMV replication is so finely attuned to particular features of the 
bean host that it fails in other hosts. This type of resistance is 
possibly non-researchable, and probably non-exploitable.
2. Constitutive, or genetically controlled resistance, is where a 
particular cultivar contains a gene or genes conferring resistance 
to a virus normally infecting that species. In this context 
resistance is defined as any inhibition of virus multiplication
or pathogenic effects. Such resistances are known in many crops, and 
in many cases provide highly useful protection. The possibility of 
future, increased exploitation of constitutive resistance emphasises 
the importance of conservation of exisiting genetic resources by 
gene banking (Fraser, 1980).
Superficially at least, it appears that many, diverse mechanisms 
are involved in constitutive resistance, but in no case is there a 
full biochemical undeestanding of how resistance works. We are
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therefore not in a position to exploit them fully in developing 
crop protection strategies, and spreading available resistance 
mechanisms to crops where at present no suitable resistance is 
available. This is the practical background to studies of resistance 
to TMV in tomato (Fraser and Loughlin, 1980; 1982; Fraser, Loughlin 
and Connor, 1980). This work has the long term aim of understanding 
the biochemistry of action of the Tm-1 resistance gene, and of 
defining the change in TMV which can allow it to become pathogenic 
on Tm-1-containing plants.
3 . Induced resistance occurs when a plant normally susceptible to 
a particular virus has a resistance to that virus conferred by a 
prior infection or chemical treatment. Unlike constitutive resistance, 
induced resistance is not inherited, but must be induced afresh 
in each generation. It is interesting to contrast plants, where 
constitutive mechanisms predominate and have been widely exploited 
in breeding, with animals, where induced mechanisms such as the 
antibody and interferon systems are the major defences against 
virus infections.
Attempts have been made to find mechanisms parallel to the 
animal interferon system in plants (Sela, 1981) but the mechanism 
remains to be rigorously established and shown to have truly inducible 
antiviral activity. In related research, Kassanis, Gianinazzi 
and White (1 9 7 4) proposed that the apparent resistance of tobacco 
plants to TMV infection which is induced by a previous, localized 
infection with the same virus, might involve certain host-coded 
'pathogenesis-related' proteins which accumulate systemically after 
the first infection. However, closer analysis of the apparent 
resistance induced, and the involvement of 'pathogenesis-related' 
proteins, has questioned the effectiveness and usefulness of this
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mechanism, and has suggested an alternative explanation of the 
phenomenon (Fraser, Loughlin and Whenham, 1979; Fraser, 1979;
1981; 1982). It is unlikely that this mechanism will find use in 
crop protection.
Fortunately, other experiments using systemically-spreading hut 
highly attenuated strains of TM7 have produced effective protection 
against subsequent infection by virulent strains (Fraser, 1981a). 
Current research is characterizing the molecular mechanisms involved, 
with the ultimate objective of using this knowledge and recombinant 
DNA techniques to develop novel types of virus resistance genes.
Isolated pieces of research, included in this thesis but not 
falling into the main subject areas discussed above, included 
development of techniques for detection and assay of polyadenylated 
messenger ENAs (Fraser and Loening, 1974) and for radioassay of 
the plant growth substance abscisic acid (Whenham and Fraser,
1981a). Aspects of ENA metabolism were studied in two developing 
systems: germinating S. pombe ascospores (Padilla, Creanor and
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Rapid and Selective Inhibition of the 
Synthesis of High Molecular Weight 
RNA in Yeast by Lomofungin
L o m o f u n g i n  (l-carbomethoxy-5-formyl-4,6,8-trihydroxyphen- 
azine), an antibiotic from Streptomyces lomodensis, inhibits 
the growth of bacteria, yeasts and fungi1'2. It has been suggested 
that in Saccharomyces cerevisiae, the primary action of the 
antibiotic is an inhibition of RNA synthesis2'3. Cano, Kuo 
and Lam pen1 found that lomofungin inhibits three D NA- 
dependent RNA-polymerases extracted from S. cerevisiae. 
We have characterized the effects o f lomofungin on RN A  
synthesis in the fission yeast, Schizosaccharomyces pombe.
S. pombe strain 132 was grown in a minimal medium, 
EMM 2 (ref. 5). Cells from exponential phase cultures were col­
lected by centrifugation and resuspended in medium containing 
lomofungin. Control cells were resuspended in medium alone. 
Measurements of RN A  synthesis were made during various 
periods after addition of lomofungin by supplying 32P- 
phosphate, 3H-adenine or 3H-uridine.
Synthesis of ribosomal RNA (rRNA) and of polydisperse 
RNA was markedly inhibited within a few minutes of addition 
of lomofungin (Fig. 1 a, b; Table 1). Pulse-labelling experiments 
carried out 15-35 min after addition of the antibiotic showed 
that the synthesis o f polydisperse RNA, presumed to contain 
messenger RNA, had virtually ceased. Synthesis of rR N A  was 
also almost completely inhibited (Fig. lc ; Table 1). Ribosomal 
and polydisperse RNA syntheses had very similar sensitivities 
to varying lomofungin concentrations (Table 2).
In cells pulse-labelled 1 - 6  min after the addition ot lomo­
fungin, the proportion in the precursor rR N A  peak of the total 
radioactivity incorporated into all rRN A s (precursor* plus 
mature rRNAs) was greater than the proportion in precursor 
rRNA in similarly labelled control cells (Fig. 1 a, b). This 
suggests that lomofungin not only inhibited the synthesis of
T a b le  1 Inhibition of R N A  Synth esis after A ddition  of 60 pg ml 1 
Lom ofungin







disperse 5S RNA tRNA
1 -6 3H-Adenine 57
RNA
53
15-30 3H-Uridine 87 — - 5 - 6
30-35 3H-Adenine 95 97 6 34
The data were derived from gel scans such as those shown in Figs. 
1 and 2. The total counts incorporated into an RNA species were 
found by adding the radioactivities of the individual gel slices com­
prising the radioactivity peak of that RNA, allowing for the back­
ground of polydisperse radioactivity in the gel. The inhibition of 
RNA synthesis by lomofungin treatment was found by comparison 
of incorporation in lomofungin-treated cells with control cells labelled 
in the same conditions.
•Includes the two mature species of rRNA and the rRNA pre­
cursors.
T a b le  2 Inhibition of R N A  Synth esis by Various Concentrations of 
Lom ofungin
Lomofungin (pg ml“1) 1 10 60
% Inhibition of rRNA* 63 73 94
Polydisperse RNA 62 65 81
Cells were labelled with 33P-phosphate (Radiochemical Centre, 
Amersham) 10-30 min after adding lomofungin at various concen­
trations. Control cells were labelled without lomofungin. The total 
incorporation into rRNA and polydisperse RNA was measured 
from gel separations as explained in Table 1, and percentage inhibi­
tions calculated by comparison with the control values.
♦Includes the two mature species of rRNA and the rRNA pre­
cursors.
rRN A  but also inhibited the processing of rRN A  precursors 
to mature rRNAs.
In direct contrast to its strong inhibition of the synthesis of 
high molecular weight RNA, lomofungin did not inhibit the 
synthesis of low molecular weight RNAs. Figure 2 and Table 1 
show that the synthesis of the 5S rR N A  was completely 
unimpaired by lomofungin treatment even 30-35 min after 
addition of the drug. Transfer RNA (tRNA) synthesis was not 
inhibited 15-30 min after lomofungin addition, and slightly 
inhibited later (Table 1).
Distance migrated (mm)
Fig. 1 Polyacrylamide gel electrophoresis of nucleic acids 
extracted from S. pombe. Cells were incubated with 3H-adenine 
(specific activity 22.9 mCi mmol-1 ; Radiochemical Centre, 
Amersham) at 25 gCi ml-1  for 5 min periods, a, Control; b, 1-6 
min after addition of lomofungin (60 pg ml-1); c, 30-35 min 
after addition of lomofungin (60 pg ml-1). Cells were chilled at 
the end of the radioactive incubation, washed twice by centri­
fugation with ice-cold water and suspended in 2 % tri-isopropyl- 
naphthalene sulphonate; 0.1 M Tris-HCl,pH 9.0. The cells were 
broken in an Eaton press5. The homogenate was deproteinized 
by emulsifying once with 50% v/v chloroform, 50% v/v of the 
pheno!//»-cresol mixture of Kirby13 and twice with the phenol/ 
m-cresol mixture. Nucleic acids were precipitated by making the 
aqueous phase 0.3 M NaCl and adding 2.5 volumes of ethanol. 
After three cycles of purification by reprecipitation14, the nucleic 
acids were fractionated by electrophoresis on 2 .6 % polyacryla­
mide gels15 for 2.5 h at 5 mA per gel. 8 V per cm gel length. Gels 
were scanned for absorbance at 265 nm in a Joyce-Loebl Gel 
Scanner, frozen in solid CO., and sliced transversely at 0.5 mm 
intervals with a Mickle Gel Slicer. Radioactivity in each gel slice 
was determined as described16. The continuous line shows absor­
bance at 265 nm; the histograms show radioactivity. The ultra­
violet absorbance peaks are: at 10 and 19 mm, 25S and 18S 
rRNA; at 55mm, tRNA. The radioactivity peak at 3mm is 
the rRNA precursor.
D is ta n c e  m ig ra te d  (m m )
Fig. 2 Polyacrylamide gel electrophoresis of S. poinbe RNA. 
Cells were incubated with 25 pCi ml-1  3H-adenine for 5 min 
(a, control) or 30-35 min after addition of 60 pg ml-1  lomo­
fungin (6 ). Extraction of RNA and subsequent treatment were as 
described in Fig. 1. Electrophoresis was on 7.5 % acrylamide gels 
for 2.5 h. The peaks on the ultraviolet absorbance scan (con­
tinuous line) are 5S RNA at 40 mm and tRNA at 49 mm. The 
radioactivity at 70-80 mm is free ATP.
It is possible that tR N A  might have become labelled by 
turnover of its terminal CCA triplet7 rather than by de novo 
synthesis, so masking any effect of lomofungin on tRNA 
synthesis. Labelling of tR N A  by terminal triplet turnover when 
the isotope supplied was 3H-uridine could only occur if the cell 
were actively synthesizing 3H-CTP through animation of 
3H-uridine. To test this possibility, 3H-uridine-labelled RNA 
from cells incubated with and without lomofungin was hydro­
lysed in 0.5 N  N H iO H ; nucleotides were separated by high 
voltage electrophoresis8 and radioactivity in each was deter­
mined. The radioactivity associated with the cytidylic acid 
ultraviolet absorbance m arker spot was about 1 % of the 
radioactivity in the uridylic acid spot. Therefore the possibility 
that significant labelling of tR NA  by terminal triplet turnover 
occurred when 3H-uridine was supplied is excluded.
The uninhibited synthesis of 5S and tR N A  which occurred 
in lomofungin-treated cells at the same time as inhibition of 
rRN A  and polydisperse RNA synthesis makes it unlikely that 
the inhibition of RN A  synthesis by lomofungin could be 
indirect, that is by inhibition of some related aspect of cell 
metabolism, or by inhibition of the uptake of isotope. We were 
also able to exclude these explanations by direct experiment. 
Protein synthesis, measured by the incorporation of 3H- 
leucine into trichloroacetic acid-precipitable material, showed a 
marked impairment only after 30-40 min of treatm ent by 
lomofungin at 60 ng m l-1. The growth of cells, measured 
by the change in optical density of the culture, continued 
for 60 min after addition of 60 ^g m l-1 lomofungin. Kuo, 
Cano and Lam pen9 found similar effects of lomofungin on 
protein synthesis and cell growth in Saccharomyces cerevisiae. 
The slow inhibition of protein synthesis and cell growth by 
lomofungin, compared with the rapid inhibition of RNA 
synthesis, suggests that lomofungin did not inhibit RNA 
synthesis indirectly by inhibiting some other aspect o f cell 
metabolism such as energy supply. Lomofungin at 6 0 n g m l-1 
did inhibit the uptake of 3H-adenine by S. pombe, but only by 
40% over the first 30 min after addition of lomofungin. This 
was much less than the inhibition of incorporation of 3H- 
adenine into RN A  (Table 1); therefore the measured inhibition 
of RNA synthesis was not a consequence of inhibited uptake 
of isotope.
We conclude that Iomofungin selectively inhibits the syn­
thesis of rRN A  and polydisperse RNA, while having no effect 
on the synthesis o f tRNA or 5S RNA. In comparison, Price 
and Penman10 found that the synthesis of 5S and tR NA  by 
isolated HeLa cell nuclei was not inhibited by a-amanitin,
whereas the synthesis of polydisperse R N A  was. But a-amani- 
tin does not inhibit rRN A  synthesis11.
Unlike actinomycin D  (ref. 12), lomofungin enters the yeast 
cells and inhibits RNA synthesis very rapidly. This antibiotic 
will prove of value in studies of the mechanisms of control 
of enzyme synthesis (refs. 2 and 9).
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I. Introduction
In the context of embryogenesis and organogenesis, cellular differentation is 
an extension of subcellular spfecialization.
M u l t i c e l l u l a r i t y  p r o b a b ly  e v o lv e d  w ith  th e  a d v e n t  o f  th e  
compartmentalization of the cytosol in to  discrete organelles. In fact, the 
physiological and m etabolic diversity o f differentiated cells is dependent no t 
only on the maintenance of subcellular organelles bu t on the fidelity o f their 
replication from cell division to  cell division. It is a t this level th a t genetic 
mechanisms must operate in directing the synthesis or renewal of enzym es, 
macromolecules and structures specific to  individual subcellular organelles. In a 
diseased state such as oncogenesis, the loss o f this controlling elem ents leads in 
no small measure to de-differentiation. This is one of the reasons why much 
attention is presently being directed towards achieving a greater understanding 
of the relationships between the repetitive events which comprise the cell cycle 
and those transitions which lead from  one differentiated state to  another. Such 
interactions are seen in developm ental systems where d ifferentiation and the 
cell cycle impinge upon one another. They are also found in the spore-cell 
transition in bacteria ( 1 ).
A similar sequence of events is seen in conjugation, sporogenesis and 
germination in yeast (2). This is a system in which subcellular d ifferentiation 
and genetic control of the cell cycle come in to  direct in terplay. The H90 
sportulating haploid strain of Schizosaccharomyces pom be  is particularly 
suited for these studies. It yields populations of spores in excess o f 80%, which, 
as will be discussed in this com m unication, can be isolated in pure form  and 
induced to germinate in a controlled m anner. Unlike the budding yeasts, S. 
pombe possesses o ther advantages w orth mentioning. It is haploid during m ost 
of its growth and cell cycle (3-5) and assumes a diploid level o f DNA only as a 
zygote which is form ed following conjugation between two vegetative cells. 
Two meiotic divisions ensue usually resulting (6,7) in the form ation o f four 
ascospores per ascus. The spores are spontaneously liberated and may be stored 
indefinitely in a freezer. When placed in a nu trien t m edium , they readily 
germinate and proceed in to  vegetative cell growth and division.
We thus have a well delineated sequence of events and com plex biological
^Present Address = D epartm ent o f Physiology and Pharmacology, 
Duke University, D urham , N orth Carolina, U.S.A.
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processes which are separated in time and may be subjected to  experimental 
m anipulation. The synchronization of any one of these phases would be of 
considerable practical significance. It would allow one to  study  the underlying 
controlling mechanisms (e.g., sequential enzyme synthesis o r induction, 
genomic readout, etc.) during the transition from  one state to  another.
In the present report, we have focused our atten tion  on the early events of 
germination and will describe the experim ental approaches used to study the 
initial macrom olecular events underlying tha t process.
II. Experim ental
Vegetative cells o f S. pom be  (H90 strain , NCYC 132) were grown in the 
chemically defined EMM 2 medium or m alt ex tract b ro th  (4). Sporulation was 
induced by plating cells from  a stationary or late-log culture on to  the surface 
of 2% agar (w/v) containing 1.5% m alt ex tract b roth  (Oxoid), and incubating at 
32° for 7-14 days. The spores and cells were harvested by washing the agar 
surface with distilled w ater. They were freed of debris by two centrifugations 
(5 min, 1500 RPM) in a bench top  centrifuge. The pelleted cells and spores 
were stored frozen at -2 0 °  until needed.
Although this strain will routinely yield large quantities of spores (80±5%), 
they cannot be reproducibly freed from the residual vegetative cells by a single 
centrifugation through linear sucrose density gradients using conventional low 
speed swinging bucket centrifuges (3). Such a m ethod of separation was 
d ev e lo p e d  by Mitchison and coworkers to  select highly synchronous 
populations of vegetative S. pom be  cells (8,9). In addition , it was observed that 
the individual spores were highly heterogenous w ith respect to  size and onset 
of germ ination (Mitchison, personal com m unication and 10). We thus 
investigated alternative m ethods of spore isolation, the most successful 
approach being the use of the analogue, 2 -deoxyglucose, to  produce n o t only 
“weak w alled” spores, b u t to  differentially induce lysis of the residual 
vegatative cells as shown by previous investigators ( 1 1 ,1 2 ).
T h e  t im e  c o u rs e  o f  g e r m in a t io n  was follow ed by tim e lapse 
photo micros copy of spores tha t were resuspended in EMM 2 and spread over 
small agar pads placed in a wax-sealed coverslip (13). The coverslip 
preparations were incubated at 32°. I t was thus possible to  follow the 
developm ent o f spores whose dimensions were determ ined from  enlarged 
photographs or projections. Parallel sets of spores were also resuspended in 
liquid media and placed in a w ater bath set to  reach 32° by a delayed time 
device (4). Techniques for isotopic labelling, chemical analyses, e tc ., used with
S. pom be  have been sum m arized by Mitchison (4).
A. Size Distribution o f  Ascospores
In a recent study, Yoo e t al (14) found tha t the onset o f ascosporogenesis in 
a hom othallic haploid strain of S. pom be  was asynchronous, even for spores 
within the same ascus. Spores reached different levels o f “ m atu rity” even
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though they presumably arose from  the same zygote. In addition, spores were 
formed by having unequal quantities o f cytoplasm  enclosed by the enveloping 
“spore membranes.” Thus spores o f d ifferent sizes were seen w ithin the same 
ascus. If conjugation itself is asynchronous, there would be little reason to  
expect that the ensuing germinative events w ould be synchronous, unless 
spores could be selected into narrow size or age classes. The biological 
significance of asynchrony of ascosporogenesis is unknow n. A synchrony may 
simply reflect the random ness usually associated with growing populations of 
cells, or it may be part o f a mechanism designed to prevent self-mating between 
spores released from  the same ascus. In any event, it became necessary to  
determine the ex ten t o f the heterogeneity in the H90 spores and to see how it 
would affect the tim ing of germ ination.
Newly form ed spores were harvested from  the agar surface as previously 
described. A liquots were diluted w ith formalin saline (0.9% NaCl, 1.0% 
formalin) to  a density of approxim ately 105 cells/ml to  minimize coincident 
loss of electronic counting. The spores were dispersed by sonication (3,4) and 
counted with a Coulter counter (Model B, 70 p m  aperture). Parallel counts 
were taken with a hem ocytom eter.
The counter was calibrated by measuring the size distribution o f latex 
spheres of known diam eters (7 .612.3 pm , Dow Chemical Corp., Diagnostic 
Products, Indianapolis, Ind.) and spores tha t were isolated in to  distinct size 
classes by zonal density centrifugation (10). The diam eters o f the spores were 
measured from enlarged photographs taken under dark-field phase microscopy 
(4 ,1 3 ) . (The Coulter counter had a resolving power of from  1-2.5 
pm 3/threshold unit, depending on the settings used.)
The size distribution of a m ixture of spores and cells is shown in Fig. 1. The 
size distribution o f spores found in the presence of 2 -deoxyglucose is also 
shown. (This part o f the experim ent will be discussed later.) The median 
volume of the control cells is 37 ym ^. It is clear th a t the size distribution is 
bimodal. The distribution to the left is presum ably generated by the spores. 
The range of volumes is from  about 20 to  9 0 / ^ 3 .  This is in good agreem ent 
with the range of spore sizes determ ined photographically (17.8-93.9 ym 3,10). 
The smaller d istribution to  the right is probably generated by the residual 
vegetative cells th a t failed to  conjugate and sporulate. As shown by 
Mitchison (15), vegetative cells of S. pom be  had an average volume of 140+22 
ym3 at the time o f cell plate form ation. Considering tha t this value was derived 
from cells in exponential growth and under d ifferent culture conditions than 
used in this study, the agreement w ith our determ ination is good. It falls well 
within the volume range o f ca. 100-220 ym ^ show n in Figure 1. M easurem ent 
of the relative proportions of these two distributions by planim etry showed 
that the smaller distribution  is 14.7% of the total d istribution. This is the same 
as the proportion of residual vegetative cells (see Table 1).
The lack of overlap between the size distributions of the two populations 
suggested  t h a t  th e y  could be easily separated by density gradient 
centrifugation. Indeed, zonal density centrifugation in the A-XII ro tor system
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Fig. 1. Size distribution o f S. pom be  ascospores form ed in the presence and 
absence of 2-deoxyglueose. Sizing was done w ith a Coulter counter as 
described in the tex t. The median volumes are indicated by the arrows.
(16, 17) was subsequently em ployed to  separate the spores into distinct size 
classes (10). As m entioned before, we used an alternate approach to  eliminate 
the vegetative cells. We added 2-deoxyglucose to  m alt ex trac t agar to  induce 
lysis o f the residual vegatative cells.
This effect is illustrated by Fig. 1 and Table 1. S. pom be  cells taken from 
liquid cultures in late log or early stationary phase of growth were plated onto 
m a lt  e x t r a c t  b roth  agar (slants containing varying concentrations of 
2-deoxyglucose added just before autoclaving). A fter 7-15 days, the cells were 
harvested and analyzed microscopically. They were also sized with the Coulter 
counter as previously described. It is clear th a t 2-DG had at least two 
concentration dependent effects: (a) A t concentrations between 20 and 50 
pg/m l, it reduced the percentage of residual vegetative cells to  one-fifth of that 
of the control cells (Table 1). Fig. 1 shows this effect for cells exposed to  40 
pg/ml. In term s of size d istribution, there were very few cells w ith volume
1 7 0
E A R L Y  E V E N T S  IN T H E  G ER M IN A TIO N  OF S. POMBE  A SC O S P O R ES
TABLE 1
Effect o f 2-Deoxyglucose on Sporogenesis o f S. pom be  
Concentration Spores Asci Vegetative Cells
( pg/ml) (Percent)
0 78.8 1.3 19.9
2 0 92.2 0 . 6 7.2
40 95.9 0 . 8 3.3
50 94.3 - 5.7
77 6 8 . 0 16.0 16.0
80 2 0 . 8 7.1 72.1
154 16.0 25.0 59.0
greater than 1 0 0  pm 3. A secondary effect was also evident, the median volume 
increased to 4 8 p m 3 . The spores reared in the presence of 2-deoxyglucose are 
larger than control spores, bu t as will be discussed later, will germinate later, 
(b) At concentrations above 50 pg/m l, 2-deoxyglucose interfered w ith the 
process o f ascosporogenesis. The spore yield dropped considerably, the 
proportion of asci, many of which contained poorly m atured spores, rose and 
the number of residual vegetative cells increased sharply. They were enlarged, 
misshapen, and many of them  had multiple cell plates. In addition, they were 
easily lysed during the washing procedure in harvesting. Because of this, in all 
subsequent w ork we used concentrations of 2-DG o f 40 Mg/ml.
B. Kinetics o f  Germination
The results described above raised the question as to  the effect of 
2-deoxyglucose on the kinetics of germ ination. An experim ent was perform ed 
in which S. pom be  cells were allowed to conjugate and sporulate in the 
presence of 2-deoxyglucose (40 yg /m l). The spores were harvested and 
analyzed by time-lapse photom icrography as previously described. Care was 
taken, at harvest time, to  assure tha t the spores were freed o f residual medium. 
They were resuspended in EMM 2 and allowed to  germinate on small agar pads 
(2% agar in EMM 2) using the coverslip preparation (13). They thus germinated 
in the absence o f 2-deoxyglucose. Table 2 summarizes the data from  this 
experiment. It shows the relationship between the initial volume (calculated 
from diameters m easured on enlarged photographs) and time at which the 
onset of outgrow th and cell plate form ation occurred. Outgrowth is defined as 
the time when spores become markedly elliptical (“ pear shaped” ). Photographs 
were taken at 30 m inute intervals.
Although the num ber of spores analyzed in this experim ent was small 
(2-DG, n=39; control, n=37), the data show tha t larger spores germinated 
earlier. This is in agreement w ith a prallel study in which a larger sample was 
analyzed (10). 2-DG introduced approxim ately a two hour delay in the onset 
of outgrow th (i.e., for spores of the same size). The time interval between the
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TABLE 2
Kinetics of Germ ination of S. pom be  spores as a Function  o f Volume 









40 6 . 8  + 0 .8 1 1 .3+  1 .0
CONTROL 63 6.4 + 0.6 1 0 .4 + 0 .6
94 5.2 + 0.6 9 .3 + 0 .9
40 8.2 + 0.5 12.7 + 0.2
2-DG (40 yg/ml) 50 7.6 + 0.9 1 1 .9 + 1 .5
63 7 .0 +  1.0 1 1 .3 + 1 .0
onset of outgrow th and the first cell division (i.e., cell plate formation) 
remained constant in bo th  situations. It is about 4.5 hours long.
The kinetics o f germination were further analyzed on a larger sample of 
ascospores separated into a narrower size class by centrifugation through a 
15-40% linear sucrose density gradient in an A-XII zonal ro to r as described 
elsewhere (16,17). The spores were harvested as described above and allowed 
to  germinate on EMM 2 agar pads. (Fig. 2) The tim e course o f germ ination is 
expressed as the germination index (No outgrow n/to tal num ber x 100). It was 
determ ined on at least 150 spores per point. The mean and standard deviation 
of the volume of the 2-DG spores was 33.0±0.02 y m 3  and th a t o f the control 
was 31.5±0.02 y m 3. It is clear th a t the control spores germ inated much more 
rapidly than the 2 -DG reared ones, even though the la tte r began to  outgrow 
earlier. The time taken for the germ ination index to  rise from  10 to  90% was 5 
hours for the 2-DG spores and 3 hours for the control ones. A lthough the onset 
of the first vegetative division was not measured, it presum ably would follow 
similar kinetics as shown in Table 2.
N o tw i th s ta n d in g  th e  f a c t  t h a t  c o n t ro l  spores germinate more 
“ synchronously,” they were no t as “ fragile” as the 2-DG spores. For example, 
preliminary experim ents showed th a t in order to  achieve a breakage in excess 
o f 75%, the control spores had to  be subjected to repeated passes through an 
Eaton Press (which is a simplified version of the French Press). On the other 
hand, over 90% of the 2-DG spores were broken w ithin 3 minutes w ith a 
Vibromixer (Shandon Scientific, London). This instrum ent vibrates a fluted 
stainless steel probe dipping into a slurry consisting of 5 ml containing 9 .6 x l0 3 
cells and 4 gms of glass beads (0.2 mm in diam eter). This provides a rapid and 
convenient m ethod of breaking up spores and was the m ethod used in all 
subsequent experim ents for the extraction o f the RNA. All the experim ents to 
be described below were perform ed on spores which w ere form ed in the 
presence of 40 y g/ml 2-DG for this reason.
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Fig. 2. Kinetics o f germ ination of S. pom be  ascospores th a t had sporulated in 
the presence and absence of 2-deoxyglucose. Spores were separated by zonal 
density centrifugation. Germ ination was a t 32° on EMM 2 agar pads as 
described in the tex t.
C. Early Macromolecular Events During Germination
1. Protein and. R N A  Synthesis. Synthesis of RNA and protein, measured by 
the incorporation of labeled precursors into TCA-precipitable material, began 
within the first hour of germ ination (Fig. 3). In this experim ent, spores were 
resuspended in EMM 2 to  which the appropriate precursors were added. The 
kinetics of germination of these spores are shown in the insert. It is clear tha t 
even though tha t outgrow th did n o t begin un til the 3rd hour and a 50% index 
was not reached until the 8 th  hour, incorporation of both labels began 
within the first 30 m inutes of germination. In a parallel study, we found tha t 
the relative rate o f uptake of ^H-adenine increased at a linear rate w ith 
doubling in rate by the 5 th  hour of germination.
In order to  determ ine which species of RNA were being synthesized during 
this interval, we isolated the RNA o f spores tha t had been exposed to  a 
20-minute pulse of ^H-adenine at 30, 180 and 300 minutes after being 
resuspended in EMM 2. The pelleted spores were then broken by the
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HOURS
Fig. 3. Incorporation of ^H-leucine and 3H-adenine in to  trichloroacetic acid 
precipitable material of S. pom be  spores continuously exposed to  the label in 
EMM 2. The kinetics o f germination are show n in the insert. Insert. Kinetics of 
germination of spores form ed in the presence o f 2 -deoxyglucose and separated 
by centrifugation through a sucrose density gradient. The germ ination and cell 
plate indices (ordinate) were determ ined photographically as described in the 
text-.
V ibromixer and nucleic acids were ex tracted  by a detergents-phenol procedure
(21). The DNA was no t removed. The RNA was fractionated on 3.0% 
polyacrylamide gels (22) for 3 hours a t 8  V/cm; 5 mA/gel. The gels were 
scanned for ultraviolet absorption a t 265 nm w ith a Joyce-Loebl Gel Scanner. 
The gels were frozen in solid CO^ and sliced transversely a t 0.8 mm intervals 
with a Mickle Gel Sheer, incubated w ith NH4 OH, mixed with scintillation fluid 
and counted on a Packard spectrom eter (18). Fig. 4 shows the results o f these 
analyses. The specific radioactivity is expressed as counts per m inu te/un it of 
ribosomal RNA. The quantity  of rRNA on the gel was calculated from  the 
peak areas of 18 and 26S rRNAs on the ultraviolet absorbance scan (23). Note 
the change in the scale in each panel.
Thirty minutes after resuspension in EMM 2, the spores had begun to 
synthesize RNA of all sizes. The 26 S and 18 S rRNA species had specific
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Fig. 4. Acrylamide gel fractionation of 3H-adenine labeled RNA isolated from 
S. pom be  spores. Spores were resuspended at t=0 in EMM 2 and exposed to 
100/xCi, ^H-adenine and l ^ c o l d  adenine/m l for 20 m inutes. Top panel 
t=30-50 min; middle panel, t=180-200 min; bo ttom  panel, t=300-320 min. The 
ordinate gives the specific activity as counts per m inu te/un it ribosomal RNA.
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activities in excess of 3 x 1 0 ^ and 2x10^ cpm /unit rRN A , respectively. A t 180 
m inutes, the specific activities had doubled and by 300 minutes of germination 
th e y  had essentially tripled. Note th a t the spores were synthesizing 
proportionately equal m olar quantities of these two species o f RNA, suggesting 
tha t the synthesis is coordinated and tha t com plete ribosomes were being 
made. In addition, polydisperse and high molecular weight RNAs were being 
actively synthesized.
2. Messenger R N A  Synthesis. The labeling o f polydisperse RNA suggested 
tha t messenger RNAs were being synthesized soon after the onset of 
germ ination. It has been reported th a t in budding yeast, some messenger RNAs 
contain a polyadenylic acid [poly(A )] sequence (24) and we have found that 
up to  half o f the polydisperse RNA o f vegetative cells o f S .p o m b e  contains a 
poly(A) sequence (Fraser and Creanor, unpublished). We, therefore, looked for 
poly(A) sequences in the RNA of germinating spores. We used the technique 
developed by Fraser and Loening (18) to  assay for the presence of messenger 
RNAs which contain poly(A) sequences. This technique involves hybridization 
of 3H-polyuridylic acid [poly(U )] to  the poly(A) sequences. The hybrids may 
then be fractionated, and freed from  excess poly(U) by sedim entation on 
sucrose gradients, or the excess poly(U) may be rem oved by RNAs, the hybrid 
co-precipitated with carrier RNA and counted on glass fiber filters. The 
m ethod avoids the need to label mRNA directly, and can be used to  assay the 
total poly(A)-containing messenger RNA content o f the cell, including 
pre-existing, stable messengers.
A pproxim ately 2 x 1 0 $ spores, sporulated in the presence of 2-DG, were 
allowed to  germinate in 15 ml of EMM 2 at 32°. A t various tim es, 5 ml of 
spores were collected and the RNA was ex tracted  as described by Fraser e t al 
(21). A portion of the RNA was fractionated through polyacrylam ide gels to 
quantitate the am ount of RNA present. The rem ainder o f the RNA was mixed 
with an excess o f tritium  labeled polyuridylic acid (0.01 yg/*il, 0 .2yC i/yg, 
Miles Laboratories, Inc.) dissolved in 0.5% sodium  dodecylsulfate, 150 mM 
NaCl; 1 mM EDTA; 50 mM Tris-HCl, pH 7.6. The SDS was removed by 
precipitation with 50yl M KC1 (18). The supem ate was digested w ith lOyg 
RNase/ml for 10 minutes at room  tem perature. Exactly lOOyg of carrier RNA 
were then added and the m ixture was treated  w ith 3 volumes of 95% ethanol at 
-20° for 2 hours to precipitate the hybrids. They were collected on 20 mm 
glass filters (W hatman, GFA) and washed 3 tim es w ith 95% ethanol. The filters 
were dried and placed in scintillation fluid and counted w ith a Packard 
Tri-Carb scintillation spectrom eter (18).
Figure 5 shows the results of this experim ent. The ordinate gives the relative 
quantities o f polyadenylic acid sequences per unit ribosomal RNA in each 
sample. I t is clear tha t there was a three-fold increase in the relative am ount of 
adenylate-rich RNA species within 30 minutes o f germ ination. It is also 
apparent that spores tha t had no t y e t germinated had measurable quantities of 
these RNAs (t=0). When RNA was fractionated on a sucrose gradient, and each 
fraction was challenged with ^H-poly (U) and treated with RNase as above, the
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Fig. 5. Changes in the relative concentration o f RNA containing polyadenylic 
residues as a function of germination. Spores were resuspended in EMM 2 at 
t=0, the RNA was ex tracted  and hybridized with 3H-labeled polyuridylic acid. 
See tex t for details.
sizes o f those RNAs containing poly(A) sequences was shown by the 
distribution of radioactivity on the gradient. We found tha t poly(A) was 
broadly distributed from  about 5 S to  30 S. This means that poly(U) 
hybridization was not measuring free poly(A), which is much smaller (24), but 
probably poly(A) sequences in messengers RNAs. In particular, poly(A) 
present at zero time was no t a pool o f free poly(A), bu t was in high molecular 
weight RNAs. Since the quantities o f the mRNAs were determ ined in term s of 
the rRNA present, and since the la tte r was being synthesized rapidly at this 
time, there was a drop in the ratio of mRNA to rRNA between 30 m inutes and 
3 hours o f germination. We in terp re t the results to  show th a t the rate o f rRNA 
synthesis was high at the start o f germ ination. The rate o f rRNA accum ulation 
then increased faster than the rate of increase of mRNA conten t. Thus one of 
the first events in the germination process is the active synthesis o f m RNA. 
(Please note tha t the m ethod of poly(U) doesn’t itself measure mRNA synthesis 
only cell content o f mRNA. So the decline in the poly(U)/rNA data does 
not necessarily mean th a t the rate of mRNA synthesis is declining, only tha t 
the rate o f rRNA accum ulation is probably increasing).
3. DNA Synthesis. As shown by Bostock (3), the quantity  o f DNA in the 
spores of S. pom be  is a t the haploid level (ca 0 .0146 picograms per spore). The 
time course of DNA synthesis during germ ination is no t know n. We tried to 
measure the bulk quantity  o f DNA but were unable to  obtain a consistent 
value, largely because of the technical difficulties in the quantitative breakage 
of the spores. We measured, instead, the kinetics of incorporation of 32p ¡nto  
the DNA at various tim es during germination.
A one milliliter aliquot (containing 2 x 1 0 8  spores) o f the same 2-DG spores 
used above were resuspended in 20 ml of EMM 2. At different times, 2 ml were 
removed and pulsed w ith 100 pCi of 32pc>4 (Radiochemical Centre,
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Amersham, U .K ., specific activity 1-9 mCi/ml) for 30 m inutes. The tubes were 
rapidly chilled, centrifuged and the supernatant discarded. The spores were 
then broken w ith the Vibrom ixer and the nucleic acids were extracted  as 
described above. The samples were treated  with RNase (40/ig/m l, 20 minutes at 
room  tem perature) and fractionated through 3% acrylamide gels. Slices o f gels 
containing 32p were dried and counted in a Geiger tube as p rev iously  
described (18). Total 32p incorporation in to  DNA was determ ined by 
addition of counts in slices making up the DNA radioactivity peak. The results 
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Fig. 6 . Incorporation of 32p_orthophosphate in to  the DNA of S. pom be  spores 
following resuspension in EMM 2. See tex t for details.
There was no incorporation o f 32p ¡n to  the DNA in the first 2.5 hours of 
germination. From  th a t time the incorporation was linear, although the scatter 
in the points makes it impossible to  state this w ith certainty. In any event, it is 
clear th a t at the ou tse t, the spores were n o t engaged in any measurable 
synthesis of DNA. This would suggest th a t the onset o f DNA synthesis must 
await the synthesis o f a considerable quan tity  o f RNA, and possibly also 
enzymes required for DNA synthesis. This is a t best only a guess at this time.
III. Summary and Concluding Remarks
G e r m in a t io n  o f  S. pom be  spores can be separated in to  distinct 
macromolecular and cytological phases of activity. Upon resuspension in a 
nu trien t medium, protein and RNA synthesis are initiated almost immediately 
and continue for several hours with a constantly increasing rate. A lthough we 
cannot detail the diversity o f the proteins being synthesized, we do know a 
little more about the types o f RNAs th a t are made. It seems th a t ribosomal 
RNA synthesis is coordinated so tha t bo th  species o f rRNA (26 S and 18 S) are
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made concurrently. Secondly, although the spores have measurable quantities 
of putative messenger RNAs (i.e., RNA species rich in adenylic acid residues), 
there is a rapid increase in synthesis o f this kind of RNA within the first 30 
minutes of germination. The biological implications are obvious, the spore has 
a store of inform ation sufficient for a “ sta rt in life.”
As for the DNA, it would appear tha t there is a presynthetic period of 
approximately 2.5 hours duration , as indicated by the lack of incorporation of 
32p into the DNA. DNA synthesis then continues in a linear fashion up to  the 
time of the first vegetative division. Thus, there is probably no G 2 , spores are 
“G i types.”
Cytologically the onset of outgrow th seems to  be a function o f initial spore 
size, while the interval between ou tgrow th and the first vegetative division is 
constant. This would imply tha t spores must achieve a minimal level o f cellular 
growth before they can proceed towards cell division. What this implies in 
terms of subcellular replication is unknow n, since we do no t know  exactly to  
what extent organelles such as m itochondria, Golgi, etc. were disassembled 
within the spore.
We have also shown th a t 2-deoxyglucose can be used to achieve the 
separation of spores from  the residual vegetative cells. A dividend is the 
formation of spores th a t are much more easily ruptured. There is, however, an 
indication th a t a delay is introduced into the timing o f the onset o f outgrow th 
by 2-DG and possibly also a loss of synchronization. This secondary effect, 
may however, be artifactual in tha t the separation of spores on the basis o f size 
alone may not be sufficiently precise to yield a high degree of synchrony of 
germination.
The conjugation-sporulation-germination-division sequence is o f biological 
significance in itself. It offers us an opportun ity  n o t merely to  follow com plex 
changes in state, but to manipulate the reproductive events and thus alter the 
subsequent expression of the genetic com plem ent. With the advent o f specific 
mutants in this strain of yeast, it will be possible to  use crossbreeding 
techniques in conjunction w ith  macrom olecular m ethods to  pin point the 
controlling mechanisms in the expression of a spore’s genetic com plem ent.
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Rapid and Selective Inhibition 
of RNA Synthesis in Yeast by 8-Hydroxy quinoline
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A  selective inh ib ito r  o f  R N A  synthesis is an  essential too l fo r  studies o f  the  m echanism s o f  co n ­
tro l o f  enzyme synthesis. Y east  is a  particu larly  suitable organism  for  such studies, b u t  until recently 
no  suitable inh ib i to r  o f  R N A  synthesis has  been available. 8-H ydroxyquinoline ,  a t  concen tra tions  o f  
10—50p.g/ml, rapidly  and  selectively inhibits  R N A  synthesis in fission yeast. P ro te in  synthesis, cell 
grow th  and  urid ine up take  are n o t  imm ediate ly  affected. The m echanism  o f  inhibition  appears  to  be by 
chela tion o f  divalent ca tions required  fo r  R N A  synthesis. A n  explana tion  o f  the  selectivity o f  inhibi­
tion  is p roposed . A n  es tim ate o f  20 min fo r  the  u p p e r  l im it o f  messenger R N A  half-life was ob ta ined  
by following the ra te  o f  p ro te in  synthesis af te r  inh ib ition  o f  R N A  synthesis by  8-hydroxyquinoline. 
A t  low concentra tions,  8-hydroxyquinoline  inhibits the  synthesis o f  r ibosom al R N A  and  messenger 
R N A ,  b u t  has no  effect on  the  synthesis o f  t ransfer  R N A  o r  5-S R N A . T his  differential effect could 
arise f rom  differing d ivalent ca tion  requirem ents  o f  different R N A  polymerases.
Yeasts  have been used for  studies o f  the  m echanism s 
o f  con tro l  o f  enzyme synthesis in eukaryotes  because 
they are am o n g  the simplest eukaryotes,  are  easy to  
grow and  synchronise, and  genetic m an ipu la tion  is 
feasible. How ever, a  m a jo r  d raw back  to  their  use has 
been the lack, until recently, o f  an  inh ib i to r  o f  R N A  
synthesis,  an  essential to o l  fo r  studies o f  enzyme 
synthesis. M an y  know n  inhibitors seem to  penetra te  
the cells poor ly  o r  fail to  inh ib it  [1—4], a l though  
Tonnesen  an d  Friesen [5] fo u n d  good  inhibition  o f  
R N A  synthesis in Saccharom yces cerevisiae by 
extremely high concentra t ions  o f  daunom ycin  or  
eth id ium brom ide.  T he  phenazine antib io tic  lom o- 
fungin has been show n to  inhibit  R N A  synthesis in 
yeast a t  low concentra t ions  [6 —8], D u rin g  fu r the r  
studies on  lom ofungin ,  we found  th a t  its m ode  of  
action was chela tion  o f  divalent ca tions required  for 
the activity o f  R N A  polym erase (F rase r  and  C reanor,  
unpublished results). W e therefore exam ined some o ther  
chelating agents as inhibitors o f  R N A  synthesis. In 
this paper,  we describe the  rap id  and  selective inhibi­
tion o f  h igh-molecular-weight R N A  synthesis in fission 
yeast by 8-hydroxyquinoline. W e suggest how  it can
Abbreviations. Butyl-PBD 2-(4'-/erf-butylphenyl)-5- 
(4"-biphenylyl)-l,3,4-oxadiazole; poly(A), poly(adenylic 
acid); oligo(dT) oligo(deoxythymidylic acid).
Enzymes. DNA-dependent R N A  polymerase or R N A  
nucleotidyl transferase (EC 2.7.7.6).
be  selective fo r  R N A  synthesis w ithou t  inhibiting 
o ther  processes, such as p ro te in  synthesis, which also 
require divalent cations.
M A T E R IA L S  A N D  M E T H O D S
Fission yeast (Schizosaccharom yces pom be) strain 
132 was grown in a m in im al m ed ium  E M M  2 [9]. 
Cell g row th  was followed by m easuring  the  absorbance  
o f  cultures a t  595 nm . Cultures  in the  early p a r t  o f  
the  exponentia l g row th  phase  were used fo r  experi­
m ents.  T he  cell density  was 2.5 —4.0 X 106 cells/ml.
8-Hydroxyqu ino line  was dissolved a t  1 % (w/v) in 
10% (v/v) acetic acid, and  was added  to  cultures to 
final concentra t ions  o f  10—500 p-g/ml. A n  equivalent 
vo lum e o f  10% acetic acid was added  to  contro l cul­
tures. The slight p H  change this caused in the  m edium  
m ade  no  difference to  the ra te  o f  R N A  synthesis.
T he  ra te  o f  to ta l  R N A  synthesis was m easured  by 
the  inco rpo ra t ion  o f  [5-3H ]urid ine  in to  tr ichloroacetic 
acid-insoluble m ateria l.  Iso tope  was added  to  the 
culture  to  a concen tra t ion  o f  20 p.Ci/ml. 0.5-ml samples 
o f  culture were mixed with 5 ml ice-cold tr ichloroacetic  
acid; the  cells were collected by filtration on  W h a tm a n  
G F / A  glass fibre p ap e r  an d  w ashed three times with 
5 m l cold 5 % tr ichloroacetic  acid. Acid-insoluble 
radioactiv ity  on  the dried filters w as m easured  by
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co u n t in g  in 0 .5%  (w/v) bu ty l-PB D -to luene scintillator 
in  a  P acka rd  liquid scintillation spectrometer.
T o ta l  [3H ]urid ine  up take  was m easu red  by  mixing
0.5-ml samples o f  culture with  5 ml ice-cold w ate r  
con ta in ing  100pg /m l non-rad ioac tive  uridine. Cells 
were collected by filtration, w ashed three times with  
cold  w ate r  and  coun ted  as above.
P ro te in  synthesis was m easu red  by the in c o rp o ra ­
tion  o f  [4,5-3H]leucine in to  cold acid-insoluble 
m ater ia l .  Iso tope  was added  to  cultures to  20 pCi/m l, 
toge ther  with 20 pg /m l non-rad ioac tive  leucine. I n ­
co rp o ra t io n  was m easured  in the  sam e way as urid ine 
inco rpora t ion .  Cold  tr ichloroacetic  acid also p re ­
cipitates tR N A  charged w ith  [3H]leucine. C on tro l  
experiments, in which [3H ]leuc iny l- tR N A  was rem oved 
f ro m  the  insoluble fraction  by hea ting  a t  90 °C fo r  
1 5 m in  [10] showed th a t  [3H]leucine tR N A  did n o t  
con tr ibu te  significantly to  the to ta l  cold acid-precipi- 
tab le  radioactivity , which could therefore be taken  as a 
m easu re  o f  the  [3H]leucine in c o rpo ra t ion  into protein .
Certa in  aspects o f  nucleic-acid synthesis were 
exam ined  in m ore  detail. Cells were incubated  with 
100 pC i/m l [5-3PI]uridine or  [8-3H ]aden ine  f rom  10 to  
20 m in  af te r  add i t ion  o f  8-hydroxyquinoline. T o ta l  
nucleic acids were extracted by a phenol-detergent 
p rocedu re  and  fu rthe r  purified as explained p rev ious­
ly [7].
T o  exam ine the effects o f  8-hydroxyquinoline on  
the  synthesis o f  different types o f  R N A ,  uridine- 
labelled to ta l  nucleic acid was fractionated  by electro­
phoresis  on  polyacrylam ide gels [10]. T he  gels were 
2 .4 %  acrylam ide for  the first 55 m m  o f  the ir  length 
and  10% acrylam ide for  the rem ain ing  45 m m. E lec tro ­
phoresis  was for 3.5 h at 50 V. These com posite  
concen tra t ion  gels were used to  perm it  fractionation  
over a  w ider  range o f  m olecular  weight o f  R N A . T he  
gels were scanned fo r  absorbance  a t  265 nm  and  the  
d is t r ibu t ion  o f  radioactivity  was determ ined as de­
scribed previously [7].
T o  m easure  the  synthesis o f  those m R N A s  co n ­
ta ined  a  poly(A) sequence [12], uridine-labelled to ta l 
nucleic acid was dissolved in binding buffer [10 m M  
T ris -H C l p H  7.6, 1 m M  E D T A , 0 .1%  (w/v) sod ium  
dodecylsu lphate ,  400 m M  NaC l],  Poly(A)-containing 
m R N A s  were bou n d  to  oligo(dT)-cellulose (C o llabo ra ­
tive R esearch  Inc., W altham , Mass.) [13] by shaking 
100 pg  R N A  with  20 mg cellulose in 0.5 ml b ind ing  
buffer fo r  30 min a t  20 °C. T he  cellulose was w ashed 
five times with 0.5 ml b inding buffer to  remove non- 
specifically b o und  R N A . After each wash the cellulose 
was sedim ented by centrifugation  a t  12000 x g  for 
2 min. Poly(A)-contain ing m R N A  was released by 
w ash ing  the  cellulose three times with 0.5 ml b inding 
buffer  lacking N aC l.  C arr ie r  R N A  was added  to  the 
c o m bined  messenger fractions and  R N A  was p re­
cipitated by add ing  tr ichloroacetic  acid to  5% . T he  
precip ita te  was collected by filtration on  W h a tm a n  
G F / A  p ap e r  and  coun ted  as above.
As a  check on  the n a tu re  o f  the  messenger f raction  
p repa red  by oligo(dT)-cellulose, R N A  was p re ­
cipitated f rom  the com bined  messenger fractions p re ­
p ared  f ro m  con tro l  cells, by  add ing  100 pg  n o n ­
radioactive yeast to ta l  R N A  an d  2 volum es e thanol.  
T he  R N A  was analysed by e lectrophoresis  on  3 %  
polyacrylam ide gels fo r  2.5 h. T he  radioactiv ity  was 
found  to  be polydisperse, rang ing  f ro m  5 to  30 S, 
w ith  a  m ean  a ro u n d  15 S. T here  was very little co n ­
ta m in a t io n  o f  the messenger fraction  by labelled r R N A  
o r  tR N A .
F o r  the de te rm ina tion  o f  D N A  synthesis, [3H]- 
adenine-labelled nucleic acids were dissolved in 0.15 M  
N aC l;  0.015 M  tr isod ium  citrate  p H  7.4 and  R N A  
was digested with 20 pg /m l pancrea t ic  r ibonuclease 
for  20 m in a t  20 °C. D N A  was separated  from  the 
digest by  electrophoresis  on  a 2 .4 %  polyacrylam ide 
gel [11] fo r  2 h a t  50 V. The sha rp  ultraviolet a b s o rb ­
ance peak  o f  D N A  was detected by scanning the  gel a t 
265 nm. The gel was frozen and  sliced [7,11] and  D N A  
was hydrolysed o u t  o f  the slices m ak ing  up  the  D N A  
peak  by incubating  with 0.1 N  HC1 a t  60 °C fo r  12 h. 
T he  nucleotides were dissolved in  0.3 ml w ate r  and  
coun ted  in 7 m l water-miscible scintillator [0.5% 
(w/v) bu ty l-PBD , 4 0 %  (v/v) 2 -m ethoxy-e thanol,  60 %  
(v/v) to luene].
M ouse  L-cells were m a in ta ined  in  suspension 
culture in G lasgow  modified m in im u m  essential 
m ed ium  (Biocult L td , G lasgow, Scotland) contain ing  
5 % (v/v) foeta l bovine serum. T he  cell concen tra t ion  
was 105 to  106 cells/ml. Subcu ltu r ing  was a t  5-day 
intervals. Cells were collected by cen tr ifugation  for 
5 m in  a t  500 x  g  an d  resuspended  in m ed ium  lacking 
divalent cations, and  con ta in ing  various co ncen tra ­
tions o f  8-hydroxyquinoline. R N A  synthesis was 
m easured  by the  in co rpo ra t ion  o f  [5-3H]urid ine , 
p ro te in  synthesis by the  in c o rp o ra t io n  o f  [4,5-3H]- 
leucine. Samples o f  labelled cultures were collected on  
W h a tm a n  G F / A  filters, w ashed three times with  ice- 
cold H a n k ’s balanced  salts solution, then  three times 
with  5 % tr ichloroacetic  acid and  coun ted  as above.
R E S U L T S  A N D  D IS C U S S IO N  
E ffec ts  o f  8-H ydroxyquinoline
T ota l  R N A  synthesis was inhibited  im m ediately 
after add i t ion  o f  8-hydroxyquinoline  to  yeast cultures 
(Fig. 1 A). Inh ib it ion  was s trong  at concen tra t ions  as 
low as 10 pg /m l an d  was com plete  a t  100 pg/ml. 
The up ta k e  o f  [3H ]urid ine  was inhibited by 8-hydroxy­
quinoline, b u t  very m u c h  less th a n  inco rpo ra t ion
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Fig. 1. Effects o f  8-hydroxy quinoline on (A ) total RNA  
synthesis and (B ) [3N]uridine uptake by yeast. 8 -Hydroxy- 
quinoline was added to concentrations of 0 (O), 10 (•) , 
50 (a), 200 (▼) or 500 (□) [rg/ml
(Fig. 1 B). A n  estimate o f  the  a m o u n t  o f  3H  rad io ­
activity present in the  cold acid-soluble poo l m ay be 
obta ined by sub trac ting  [3H ]urid ine  inco rpo ra t ion  
(Fig. 1 A) f ro m  to ta l  [3H ]urid ine  u p ta k e  (Fig. 1 B) 
[14], I t  can  be show n from  the  d a ta  o f  Fig. 1. T h a t  
8-hydroxyquinoline h ad  com paratively  m u c h  less 
effect on  the entry  o f  [3H ]urid ine  in to  the  cold-acid- 
soluble pool th a n  on  inco rpo ra t ion  into R N A .
Cell g row th was n o t  im m ediate ly  affected by low 
concentra tions (10—50 p.g/ml) o f  8-hydroxyquinoline, 
b u t  became inhibited after 20 to  40 min. H igher  co n ­
centrations (500pg/m l)  caused an  im m edia te  cessation 
of  g rowth (F ig .2A ).  A t  10—50p,g/ml 8-hydroxy- 
quinoline, p rotein  synthesis was very little affected for  
20 min, then quickly becam e alm ost com pletely in ­
hibited (F ig .2B ).  500 ¡ag/ml caused im m edia te  cessa­
tion o f  p ro te in  synthesis; a t  200 [xg/ml, the  rate  o f  
protein  synthesis was imm ediate ly  reduced, b u t  
synthesis did continue fo r  longer th a n  a t  lower 
8-hydroxyquinoline concentra tions.  D N A  synthesis
Fig. 2. Effects o f  8-hydroxyquinoline on (A ) cell growth 
and (B ) protein synthesis o f  yeast. 8 -Hydroxyquinoline 
was added to concentrations o f 0 (O), 10 (• ) ,  50 (a), 200 (▼) 
or 500 (□) ng/ml
8 -Hydroxyqmnolme (gg/ml)
Fig. 3. Effects o f  various concentrations o f  8-hydroxyquinoline 
on yeast total RN A synthesis (O ); synthesis o f  poly(A )-  
containing m RN A (* )  and DNA synthesis (A ). Cells were 
labelled from 1 0 — 2 0  min after addition o f 8 -hydroxy­
quinoline, with [8 -3H ]adenine for D N A  synthesis and 
with [5-3H]uridine for determ inations o f total RN A  and 
poly(A)-m RNA synthesis. Results are expressed as per­
centages of incorporations in control cells with no 8 -hydro- 
droxyquinoline
was inhibited by 8-hydroxyquinoline,  b u t  less th a n  
to ta l R N A  synthesis (Fig. 3).
These results show  th a t  low concen tra t ions  o f  
8-hydroxyquinoline selectively inh ib i t  R N A  synthesis.
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In  the  first 20 m in  afte r add ition  to  a co n cen tra tio n  o f  
50p.g/m l, R N A  synthesis w as inh ib ited  by 84% . T he 
level o f  [3 H ]urid ine  rad ioactiv ity  in the  cold  acid- 
so luble po o l (calculated  from  Fig. 1) was the  sam e in 
co n tro l an d  8 -hyd roxyqu ino line-trea ted  cells. T o ta l 
u rid in e  u p ta k e  w as inh ib ited  by 25% , cell g row th  by 
1 0 % an d  p ro te in  synthesis by 15% .
T hese results are consisten t w ith a  d irect inh ib ition  
o f  R N A  synthesis and  exclude an  ind irect inh ib ition , 
fo r exam ple by an  effect on  energy supply  o r iso tope 
up tak e . T h e  even tua l decline in  p ro te in  synthesis, 
u rid ine  u p ta k e  and  cell g row th  in the presence o f  low  
co n cen tra tio n s o f  8 -hydroxyqu ino line p ro b ab ly  re­
flects a dependence o f  these aspects o f  m etabo lism  on  
co n tin u ed  R N A  synthesis.
The M echanism  o f  Inhibition o f  R N A  Synthesis
T w o lines o f  evidence suggest th a t the inh ib ition  
o f  R N A  synthesis by 8 -hydroxyqu ino line is a  resu lt o f  
che la tion  o f  d ivalen t ca tions requ ired  fo r R N A  
synthesis. R N A  polym erases a re  know n to  requ ire  
d iva len t ca tions fo r activity  [15 — 17],
F irs tly , 8 -hydroxyquinoline chelates because the 
—O H  gro u p  is close to  th e  ring  —N  ato m  o f qu ino line. 
H ydroxyqu ino lines w ith —O H  groups m ore d is tan t 
fro m  the  ring  —N , such as 4 -hydroxyquinoline, do  
n o t chela te. W e tested  4 -hydroxyquinoline on yeast, 
and  found  th a t even a t 1 0 0 0  p.g/ml, it had  no  effect on  
R N A  o r p ro te in  synthesis.
Secondly, we argued th a t if  the inh ib ition  is by 
che la tion , it should  be possible to  preven t inh ib ition  
by p re -sa tu ra tin g  the chelating  sites o f  8 -hydroxy­
qu ino line  w ith d ivalen t cations before it en ters the  cell. 
C he la tion  by 8 -hydroxyquinoline increases w ith  in ­
creasing  p H ; the p K  is 5.5 [18]. T he pH  o f  yeast 
cu ltu re  m edium , afte r grow th o f  cells and  the ad d itio n  
o f  8 -hydroxyquinoline, was 4 .0 —4.6. A t these levels, 
m o st o f  the  8 -hyd roxyqu inc line  p resen t w ould  be 
un ab le  to  chela te d ivalen t cations in  the m edium . N o  
significant reduction  in inh ib ition  o f  R N A  synthesis 
w ou ld  be expected  from  raising  the d ivalen t cation  
co n c en tra tio n  o f  the m edium . Indeed  the yeast 
cu ltu re  m ed ium  already  con tained  high d ivalen t 
ca tio n  con cen tra tio n s, including 125 mg/'l M g2+ and  
4 mg/1 C a 2+. H ow ever, raising  the pH  o f  the m edium  
shou ld  increase the ability  o f  8 -hydroxyquinoline to  
chela te  d iva len t ca tions in the m edium  and  reduce the 
inh ib ition  o f  R N A  synthesis. T his is confirm ed by 
d a ta  show n in Fig. 4. 8 -H ydroxyqu ino line w as added  
to  cu ltu res a t 50 ¡xg/ml, and  the pH  o f the cu ltu re  m e­
d ium  w as ad justed  w ith N aO H  or C H 3C O O H  to  3.9, 
4.6 o r 5.7. T he h igher the pH  o f the m edium , the low er 
w as the inh ib ition  o f  R N A  synthesis. I t w as n o t 
possib le  to  dem o n stra te  a fu rthe r reduction  in  the
Fig. 4. Effects o f  medium p H  and effects o f  lowering the 
internal p H  o f  cells, on inhibition o f  RN A  synthesis in 
yeast by 8-hydroxyquinoline. 8 -Hydroxyquinoline was 
added to 50 p.g/ml to yeast cultures grown at pH 5.3, and 
the pH of the medium was adjusted to 3.9 (♦), 4.6 (■) or 
5.7 (□). O ther cultures were exposed to  various concentra­
tions of 8 -hydroxyquinoline after growth of cells in medium
at pH  5.3 (O O) or pH  4.0 (A  A ). The pH  4.0
medium contained 1 0  times the norm al acetate buffer 
concentration [9]. R N A  was labelled with [5-3H]uridine 
from  10—20 min after adding 8 -hydroxyquinoline. Results 
are expressed as percentage of controls which were given 
the same growth and pH  conditions as the 8 -hydroxy- 
quinoline treatm ents, but no 8 -hydroxyquinoline
in h ib itio n  by 8 -hyd roxyqu ino line  a t p H  levels h igher 
th a n  5.7, as co n tro l cells stopped  m ak ing  R N A  above 
p H  6.0.
T he m ouse L-cells tested  w ere grow n in m ed ium  a t 
p H  7.6. A t th is p H , 8 -hyd roxyqu ino line  chela tes very 
strongly . T he m ed ium  co n ta in ed  8 8  mg/1 C a2+ and 
20 mg/1 M g 2+. 8 -H ydroxyqu ino line  in h ib ited  R N A  
synthesis in  L-cells w hen they  w ere resuspended  in 
m ed ium  lack ing  d iva len t ca tions (F ig. 5). T here  w as no 
in h ib itio n  by 8 -hyd roxyqu ino line  w hen cells were 
resuspended  in m ed ium  co n ta in in g  d iva len t cations.
These resu lts show  th a t in h ib itio n  o f  R N A  synthesis 
by 8 -hyd roxyqu ino line  can  be p reven ted  by p re­
sa tu ra tin g  the che la ting  sites w ith  d iva len t ca tions, and  
suggest th a t the m echanism  o f in h ib itio n  is by che la tion  
o f  d iva len t ca tions w ith in  the  cell. A  la te r re p o r t will 
dea l w ith  the effects o f  8 -hyd roxyqu ino line  on  iso lated  
R N A  polym erases.
I t  follow s th a t the in te rn a l p H  o f  yeast m u st be 
sufficiently h igh  to  allow  8 -hyd roxyqu ino line  to  che­
late, an d  m ust also be significantly  h igher th a n  the  pH  
o f  the  g row th  m edium . T he in te rn a l p H  o f  budd ing  
yeast has been fo u n d  by various m ethods to  lie betw een
5.5 an d  6.3 [19]. W e have determ ined  the  in te rn a l p H  
o f S. pom be  by m easuring  the p H  o f  w ashed, b roken  
cells by the m ethod  o f  C onw ay an d  D ow ney [20] a n d
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Fig. 5. Effects o f  8-hydroxyquinoline on (A ) RN A  and (B) 
protein synthesis by cultured mouse L-cells. Cells were 
resuspended in medium containing divalent cations ( • )  
or in medium lacking divalent cations (O, A , □). 8 -Hy- 
droxyquinoline was added to  0 (O), 50 ( • ,  a )  or 500 (□) 
[rg/ml. Cells incubated w ithout 8 -hydroxyquinoline had 
the same rates o f R N A  and protein synthesis in medium 
with or without divalent cations
found values betw een 6.1 an d  6.7. T h u s p H  cond itions 
w ithin the yeast cell and  in  th e  m edium  are such th a t 
8 -hydroxyquinoline is un like ly  to  chelate d ivalen t 
cations in the m edium , b u t is ab le to  chela te  w ith in  the 
cell.
As a  fu rth e r test, we argued  th a t if the in te rna l p H  
o f the cell cou ld  be reduced , the inh ib ition  o f  R N A  
synthesis by 8 -hydroxyqu ino line shou ld  also  be reduced  
This was the case. W hen cells w ere grow n in strongly  
buffered m edium  a t p H  4.0, very high co n cen tra tio n s 
o f 8 -hydroxyquinoline w ere requ ired  to  in h ib it R N A  
synthesis (Fig. 4). T he in te rn a l p H  o f  cells g row n a t 
pH  4.0 w as 0.5 p H  un its  low er th a n  th a t o f  co n tro l 
cells grow n a t pH  5.3. G u tste in  [21] also  fo u n d  differ­
ences in the in te rn a l p H  o f  b u d d in g  yeast g row n in 
m edia o f  differing pH .
The Selective Inhibition o f  R N A  Synthesis
The p H  dependence o f  che la tion  by  8 -hydroxy- 
quinoline suggests an  ex p lana tion  fo r  th e  selective 
inhibition o f  R N A  synthesis in yeast, an d  why an o th er 
process requ iring  d iva len t cations, p ro te in  synthesis, 
was n o t inh ib ited . T he experim ents w ith  L-cells 
(Fig. 5) show  th a t there , p ro te in  synthesis w as actually  
inhibited m ore th a n  R N A  synthesis. T here  is therefore
n o th in g  in trinsic  a b o u t 8 -h y d roxyqu ino line  w hich 
m akes it a  selective in h ib ito r  o f  R N A  synthesis. B u t 
differences in  local p H  w ith in  the  cell w ould  cause 
differences in  th e  ab ility  o f  8 -hyd roxyqu ino line  to  
chela te  an d  hence lead  to  selective inh ib ition . W e 
suggest th a t  the pFI in  th e  nucleus o f  yeast, w here R N A  
synthesis occurs, m u st be significantly  h igher th a n  the 
p H  in the  cy top lasm , w here p ro te in  synthesis occurs. 
T hen  low  co n cen tra tio n s o f  8 -hyd roxyqu ino line  w ould  
significantly  reduce d iva len t ca tio n  co n c en tra tio n  in 
the nucleus, b u t n o t in  th e  cy top lasm . U n fo rtu n a te ly , 
i t  is a t p resen t technically  d ifficult to  o b ta in  a  m ean ing­
ful p ic tu re  o f  p H  v aria tio n  w ith in  th e  yeast cell. 
C onw ay an d  D ow ney [20] have show n th a t  b udd ing  
yeast h as  an  “ o u te r  m etabo lic  reg ion”  a t  a  low er p H  
th a n  th e  inner p a r t  o f  th e  cell.
I t  is also  possib le th a t  th e  selective in h ib itio n  o f 
R N A  synthesis w as a consequence o f  accum ula tion  o f 
8 -hyd roxyqu ino line  in  th e  nucleus a t  h igher co n cen tra ­
tions th a n  in  the  cy top lasm .
D ifferen t Inhibition
o f  H igh-M olecular-W eight R N A  Syn thesis
A t high co n cen tra tio n s (50 pg /m l), 8 -hydroxy­
qu ino line  inh ib ited  the  synthesis o f  all types o f  R N A  
(Fig. 6 ). Flow ever, a t  10 pg /m l, the re  w as a  d ifferential 
effect. T h e  synthesis o f  rR N A  w as reduced  by 50%  
d u ring  th e  labelling  period , 1 0 — 2 0  m in  afte r ad d itio n  
o f  8 -hydroxyqu ino line . T h e  syn thesis o f  po lydisperse 
R N A , p resum ed  to  be m R N A , w as also  visibly 
reduced  (Fig. 6 ). E x am in a tio n  o f  the  synthesis o f  poly- 
(A )-con ta in ing  m R N A  [12] show ed th a t  it w as in ­
h ib ited  by 8 -hyd roxyqu ino line  to  a  sim ilar ex ten t to  
rR N A  synthesis (Fig. 3). In  co n tra s t, the  synthesis o f  
5-S R N A  an d  tR N A  w as n o t inh ib ited  by low  concen­
tra tio n s  o f  8 -hyd roxyqu ino line  (F ig. 6 ). T h is d ifferential 
in h ib itio n  o f  h igher-m olecu lar-w eigh t R N A  synthesis 
is sim ilar to  o u r p rev ious find ing  w ith  th e  an tib io tic  
lom ofung in  [7].
A n  exp lan a tio n  o f  th is  d ifferen tia l effect, consisten t 
w ith  w h a t is know n  a b o u t eu k a ry o te  D N A -d ep en d en t 
R N A  polym erases, is th a t yeast 5-S R N A  an d  tR N A  
are  m ade by a separa te  po lym erase w hich has a differ­
en t d ivalen t ca tion  req u irem en t fro m  the  po lym erases 
m ak ing  rR N A  an d  heterogeneous R N A . A t least 
th ree  separa te  nuclea r R N A  polym erases have been 
rep o rted  in  yeast [16 ,17 ,23 ,24]. P o lym erases A  an d  B 
a p p e a r  sim ilar to  m am m alian  [23] o r  u rch in  [15] 
po lym erases I an d  II, w hich m ake  rR N A  an d  h e te ro ­
geneous R N A , respectively. T he significance o f  yeast 
po lym erase C  has n o t yet been determ ined . A ll th ree 
yeast polym erases will o p era te  w ith  M n 2+; only  C is 
fully  active w ith  M g 2+ a lone [17,23], 8 -H ydroxy- 
qu ino line  b inds M n 2+ very m uch  m ore  strong ly  th a n  it
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Fig. 6 . Polyacrylamide-gel electrophoresis o f  [5-3H]uridine- 
labelled RNA from  yeast. The continuous line shows u ltra­
violet absorbance. The histograms show 3H radioactivity. 
Cells were labelled with [5-3H]uridine from 10—20 min
after addition of 8 -hydroxyquinoline to 0  (------ ), 10  (...........)
or 50 (------- ) u-g/ml. The peaks are at 14 mm, r-R N A
precursor; at 27 and 42 mm, 26 and 18-S rR N A ; at 75 mm 
5-S RN A  and at 81 mm, tR N A . The accum ulation of 
radioactivity at 50—54 mm m arks the transition from 
2.4%  acrylamide (0—55 mm) to 10% acrylamide (55 — 
1 0 0  mm) gel
b inds M g 2+ [18]. T herefore a t low  8 -hydroxyqu ino line 
co n cen tra tio n s, the consequence to  the cell w ould  be a 
d rastic  reduc tion  o f  M n 2+ co n cen tra tio n  an d  little 
change in M g2+ concen tra tion . This w ould  p erm it 
activ ity  o f  po lym erase C  b u t n o t o f  A  an d  B. O ur 
d a ta  (Fig. 6 ) are thus consisten t w ith  a separa te  po ly ­
m erase  in yeast synthesising 5-S R N A  an d  tR N A ; 
po lym erase C  is a likely cand ida te . P rice and  P enm an
[22] show ed th a t in H eL a cells, 5-S R N A  an d  tR N A  
are  synthesised by a separate  po lym erase, p ro b ab ly  
po lym erase III.
In  connection  w ith the possible involvem ent o f  
sep ara te  polym erases in the synthesis o f  5-S R N A  an d  
h igh-m olecular-w eight rR N A s, it is in te resting  th a t 
R u b in  an d  Sulston [25] have found  in b udd ing  yeast 
th a t the 5-S D N A  cistrons are  in terspersed w ith , and  
closely linked to  the cistrons coding  fo r th e  p recu rso r 
o f  18 and  26-S rR N A .
8-H ydroxyquinoline and Protein Synthesis
T he eventual inh ib ition  o f  p ro te in  syn thesis 
(F ig .2 B ) no ted  at low 8 -hydroxyquinoline co n c en tra ­
tio n s  was p ro b ab ly  a resu lt o f  existing m R N A s decay­
ing an d  n o t being  rep laced  because o f  th e  effects of 
8 -hydroxyqu ino line on R N A  synthesis. T here  w as a 
fairly  sudden  change a t 2 0 —25 m in afte r ad d itio n  of 
th e  che la ting  agent, fro m  a lm ost n o  in h ib itio n  to 
v irtua lly  com plete  in h ib itio n  o f  leucine inco rpo ration . 
T his p a tte rn  is consisten t w ith  a pool o f  rap id ly  tu rn ing  
over m essengers, in  excess o f  the n u m b er actually 
being  transla ted . W ere such a s itua tion  to  exist, no 
accu ra te  estim ate o f  m essenger half-life cou ld  be m ade 
from  leucine in co rp o ra tio n  d a ta , b u t the u p p er lim it of 
m essenger half-life can  be p laced  a t 2 0 —25 m in. This 
is in  ag reem ent w ith the tim e o f  2 1  m in  suggested by 
T onnesen  an d  F riesen  [5] fo r bu d d in g  yeast.
C O N C L U S IO N
8 -H ydroxyqu ino line  a t a co n cen tra tio n  o f  about 
50 pg /m l is a  rap id  an d  selective in h ib ito r o f  R N A  
synthesis in  yeast. O f the  o th e r  ce llu lar processes 
m easured , D N A  synthesis was significantly  inhibited, 
b u t p ro te in  synthesis, cell g row th  an d  iso to p e  uptake 
w ere no t. T he selectivity o f  inh ib ition  is m ost p robab ly  a 
resu lt o f  a fo rtu ito u s  difference in  p H  betw een nucleus
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and cytoplasm. W e are  using 8-hydroxyquinoline  in 
studies o f  m R N A  tu rnover  an d  to  elucidate the  relative 
im portance o f  transc r ip tiona l  an d  t rans la tional  c o n ­
trol o f  protein synthesis.
The effects o f  8-hydroxyquinoline  are rem arkab ly  
similar to  those o f  the antib io tic  lom ofungin  [7,8], This 
suggests a  co m m o n  m ode  o f  action. 8-H ydroxyqu ino-  
line has the advantages th a t  it is readily available an d  its 
solubility is m ore  th a n  adequate .  L om ofung in  a t  the 
m om ent is no t  com mercially  p roduced  and  is an  effec­
tive inh ib ito r  only when used near  sa tu ra ting  concen­
tration.
This work was supported by the M edical Research 
Council and Science Research Council. We thank Prof. 
J. M. Mitchison for encouragem ent and advice and Miss 
A. M. Baker for technical assistance.
R E F E R E N C E S
1. Hartwell, L. H. & M cLaughlin, C. S. (1968) / .  Bac-
teriol. 96, 1664-1671.
2. Sôskova, L., Sôska, J. & Svoboda, A. (1970) Folia
Microbiol. 15, 4 4 2 -4 4 7 .
3. Medoff, G ., Kobayashi, G. S., Kwan, C. N., Schles-
singer, D. & Venkov, P. V. (1972) Proc. Natl. Acad. 
Sci. U .S .A . 69, 196-199 .
4. Mitchison, J. M ., Creanor, J. & Sartirana, M. L. (1974)
Yeast, M ould and Plant Protoplasts, Academic 
Press, New York, in press.
5. Tonnesen, T. & Friesen, J. D. (1973) J. Bacteriol. 115,
889-896 .
6 . Gottlieb, D. & Nicolas, G. (1969) Appl. Microbiol. 18,
3 5 -4 3 .
7. Fraser, R. S. S., Creanor, J. & M itchison, J. M. (1973)
Nature (Lond.) 244, 222—224.
8 . Cano, F ., K uo, S.-C. & Lam pen, J. O. (1973) Anti-
microb. Agents Chemother. 4, 23 — 34.
9. M itchison, J. M. (1970) in M ethods in Cell Physiology,
(Prescott, D. M. ed.) vol. 4, 131—149, Academic 
Press, New York.
10. Bretthauer, R. K ., M arcus, L., Chaloupka, J., Hal-
vorson, H. O. & Bock, R. M. (1963) Biochemistry, 2, 
1079-1084.
11. Loening, U. E. (1967) Biochem. J. 102, 2 5 1 -257 .
12. M cLaughlin, C. S., W arner, J .R ., Edmonds, M ., Naka-
zato, H. & Vaughan, H. (1973) J. Biol. Chem. 248, 
1466-1471.
13. Edmonds, M. & Caramela, M. G. (1969) J. Biol.
Chem. 218, 1314-1319.
14. M itchison, J. M. & Gross, P. R. (1965) Exptl. Cell
Res. 37, 2 5 9 -2 1 1 .
15. Roeder, R. G. & R utter, W. J. (1969) Nature (Lond.)
224, 2 3 4 -2 3 7 .
16. Ponta, H ., Ponta, U. & W intersberger, E. (1971)
FEBS Lett. 18, 2 0 4 -2 0 8 .
17. Brogt, T. M. & Planta, R. J. (1972) F EBS Lett. 20,
4 7 -5 2 .
18. O’Sullivan, W. J. (1969) in Data fo r  Biochemical
Research (Dawson, R. M. C., Elliot, D. C., Elliot, 
W. H. & Jones, K. M ., eds) 2nd edition, pp. 423 — 
434, Oxford.
19. Caldwell, P. C. (1956) International Review o f  Cytology,
5, 2 2 9 -277 .
20. Conway, E. J. & Downey, M. (1950) Biochem. J. 47,
355-359 .
21. Gutstein, M. (1933) Protoplasma, 17, 454—470.
22. Price, R. & Penman, S. (1972) J. M ol. Biol. 70, 435 —
450.
23. Ponta, H ., Ponta, U. & W intersberger, E. (1972) Eur.
J. Biochem. 29, 110—118.
24. Adm an, R., Schultz, L. D. & Hall, B. D. (1972) Proc.
Natl. Acad. Sci. U. S .A . 69, 1702-1706.
25. Rubin, G. M. & Sulston, J. E. (1973) J. M ol. Biol. 79,
521-530 .
R. S. S. Fraser and J. Creanor, D epartm ent o f Zoology, University o f Edinburgh, West M ains Road, 
Edinburgh, G reat Britain EH9 3JT
Eur. J. Biochem. 46 (1974)
Biodiem. J. (1975) 147, 401-410 
Printed in Great Britain
401
The Mechanism of Inhibition of Ribonucleic Acid Synthesis by 
8-Hydroxyquinoline and the Antibiotic Lomofungin
By RO N A LD  S. S. FRA SER and JAM ES CREAN O R 
Department o f  Zoology, University o f  Edinburgh, West Mains Roacl, Edinburgh E H 9 3JT, U.K.
{Received 14 October 1974)
R N A  synthesis in yeast is rapidly inhibited by 8 -hydroxyquinoline and the phenazine an ti­
biotic lomofungin (5-formyl-l-methoxycarbonyl-4,6,8-trihydroxyphenazine). I t is shown 
that lomofungin, like 8 -hydroxyquinoline, is a  chelating agent for bivalent cations. The 
mechanism of inhibition of R N A  synthesis by lomofungin and 8 -hydroxyquinoline was 
investigated in experiments with isolated Escherichia coli R N A  polymerase. The results 
show that both inhibitors are capable of inhibiting polymerase activity solely by 
chelating the dissociable cations M n2+ and Mg2+. Evidence is presented which shows 
that inhibition may occur in the absence of any direct contact between the RN A  
polymerase or D N A  template and the inhibitor. The possibility that inhibition might also 
occur by chelation of the Z n2+, which is tightly bound to the polymerase, is discussed: 
it is concluded that lomofungin or 8 -hydroxyquinoline is likely to  inhibit the enzyme 
by removal of M n2+ and Mg2+ before chelating the Zn2+. On the basis o f inhibition by 
chelation of M n2+ and Mg2+, explanations are proposed for why lomofungin and 
8-hydroxyquinoline inhibit synthesis of ribosomal and polydisperse RNA more than that 
of 5S RNA and tR N A , and for why protein synthesis is not immediately inhibited in the 
intact yeast cell.
Lomofungin (5-formyl-l-methoxycarbonyI-4,6,8- 
trihydroxyphenazine) is an antibiotic from Strepto- 
myces lomodensis (Johnson & Dietz, 1969). It rapidly 
inhibits R N A  synthesis in yeast, but has no 
immediate effect on cell growth or protein synthesis 
(Gottlieb & Nicolas, 1969; Lampen et al., 1973; 
Fraser et al., 1973 ¡C annon eta!., 1973). Lomofungin 
is proving useful in studies of yeast R N A  m eta­
bolism and enzyme synthesis, as other antibiotics 
such as actinomycin D  fail to  inhibit yeast RN A  
synthesis or do only at extremely high concentrations 
(Hartwell & McLaughlin, 1968; Soskova et al., 
1970; Medoff et al., 1972; M itchison et al., 1973; 
Tonnesen & Friesen, 1973). An interesting feature of 
lomofungin action on yeast is that it strongly inhibits 
the synthesis o f rR N A  and polydisperse RNA, but 
has comparatively less effect on synthesis of 5 S RN A  
and tR N A  (Fraser et al., 1973; Cano et al., 1973; 
Cannon & Jimenez, 1974).
In the present paper we report experiments on the 
mechanism of inhibition of RN A  synthesis by 
lomofungin. Cano et al. (1973) found that lomofungin 
inhibited the synthesis of RNA in vitro in systems 
using RNA polymerases extracted from Saccharo­
myces cerevisiae and Escherichia coll, and suggested 
that the RNA polymerase was the site o f action o f the 
antibiotic.
We found that 8 -hydroxyquinoline has effects 
on RNA synthesis in yeast similar to those of
lomofungin (Fraser & Creanor, 1974). This, together 
with certain similarities in the molecular structures 
o f lomofungin and 8 -hydroxyquinoline, suggested 
a com mon mode of action o f the inhibitors. 8 - 
Hydroxyquinoline is a chelating agent for bivalent 
cations (Hollingshead, 1954). This suggested that 
lomofungin and 8 -hydroxyquinoline might inhibit 
RN A  synthesis by chelating bivalent cations required 
for R N A  polymerase activity.
Two distinct types of bivalent cations are known 
to be involved in RN A  polymerase activity: the 
dissociable cations M n2+ and Mg2+ (Roeder & 
R utter, 1969; Burgess, 1971; Ponta et al., 1971), 
and Zn2+, which is tightly bound to  the enzyme 
(Scrutton et al., 1971; Valenzuela et al., 1973). 
Pavietich et al. (1974) have suggested that lomofungin 
acts by chelating the Zn2+. In the present paper we 
show that lomofungin can chelate M n2+ and Mg2+. 
We report that lomofungin and 8 -hydroxyquinoline 
are capable of inhibiting RN A  polymerase solely by 
chelating the M n2+ and Mg2+, and that inhibition of 
enzyme activity can occur in the absence of direct 
contact between inhibitor and enzyme. The question 
of whether inhibition of RNA polymerase activity 
in vivo is a consequence of chelation of dissociable 
bivalent cations or Zn2+ is discussed. The knowledge 
that 8 -hydroxyquinoline and lomofungin inhibit by 
chelation permits interpretation of some other 
aspects of their effects on yeast.
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M aterials and Methods
Lomofungin
Lomofungin was a gift from Dr. G. B. Whitfield 
of the U pjohn Co., Kalamazoo, Mich., U.S.A. It 
was purified from a contam inant, probably a bivalent 
or tervalent cation: the lomofungin was dissolved 
at 300//g/ml in lOmM-Tris adjusted to  pFI7.95 at 
20°C with 1 m-HCI. Insoluble material was removed 
by centrifugation for lm in  at 12000g (rav. 4.5cm). 
8 -Hydroxyquinoline was added to  5m M , then (with 
any chelates formed) removed by chloroform  extrac­
tion. The pFI of the aqueous phase was lowered to 3.5 
by addition of acetic acid. Most o f the lomofungin 
precipitated was collected by centrifugation as above 
and dried under vacuum.
RN A polymerase assay
RN A  polymerase (RNA nucleotidyltransferase, 
EC 2.7.7.6) from E. coll strain M .R.E. 600 was 
purchased from Boehringer Corp. (London), London 
W.5, U.K.
R N A  polymerase activity was measured by the 
incorporation of [3FI]CTP radioactivity into tri­
chloroacetic acid-insoluble material. The standard 
incubation mixture contained, in a  total volume of 
0.5ml, 50mM-Tris-HCl buffer, pH7.95 at room  
temperature (20°C); 1.5mM-MnCL; 1.0mM-MgCl2; 
1.0mM-2-mercaptoethanol; 50mM-KCl; O.lrrtM each 
of ATP, GTP and U TP; 0.025mM- [3H]CTP (5/zCi) 
(The Radiochemical Centre, Amersham, Bucks., 
U .K .); 42pg  o f denatured calf thymus D N A  as 
template. The reaction was started by addition of 
5//g of RN A  polymerase. After various times of 
incubation at 37°C, 20/d samples were withdrawn 
and mixed with 40jag of yeast non-radioactive 
carrier RN A  and 0.5 ml of ice-cold 10% (w/v) 
trichloroacetic acid containing 40mM-sodium 
pyrophosphate. The precipitate was collected by 
filtration on W hatman G F/A  glass-fibre paper, 
washed three times with ice-cold 1 0 % trichloroacetic 
acid-40mM-sodium pyrophosphate and twice with 
80% (v/v) ethanol containing O.lM-NaCl. The 
filters were dried and incorporation o f radioactivity 
into acid-insoluble polynucleotides was determined 
by counting in 5 ml of 0.5%  butyl-PBD [5-(4- 
biphenylyl)-2-(4-t-butylphenyl) -1 - oxa- 3,4- diazole]- 
toluene scintillator in a Packard liquid-scintillation 
counter. Counting efficiency was approx. 10%. 
At least 1000 counts above background were 
collected for each sample.
Single-point assays of enzyme activity were 
carried out by incubating 1 0 0 /d reaction mixtures 
for 5min. The final concentrations of all the 
constituents were as described above. Carrier RNA 
(40jig) and 0.5 ml of trichloroacetic acid were added 
to the entire reaction mixture to stop the reaction, 
and total incorporation was determined as above.
DNA-independent incorporation was measured 
in assays lacking D N A.
Purified lomofungin was dissolved directly in 
the polymerase reaction mixture before addition of 
polymerase, to give the required final lomofungin 
concentration.
8 -Hydroxyquinoline was dissolved in ethanol at 
1 0 0  times the required final concentration, and 
0 .0 1 vol. was added to  the reaction mixture before 
addition of polymerase. Control experiments showed 
that 1 % ethanol had no effect on polymerase activity.
U.v.-absorption spectra 
U .v-absorption spectra of lomofungin and 8 - 
hydroxyquinoline were measured in a  Unicam SP. 800 
recording spectrophotometer, in 1 0 mm  path-length 
cells.
Results
Evidence that lomofungin is a chelating agent 
The structural formulae of lomofungin (I) and 
8 -hydroxyquinoline (II) are shown. 8 -Hydroxy-





quinoline is able to chelate bivalent cations because 
of the location o f the hydroxyl group relative to the 
ring nitrogen. The hydroxyl group acts as an acid; 
as the pH  rises it dissociates to  —O- . Bivalent cations 
are bound by the dissociated acid group and the lone 
pair of electrons borne by the nitrogen atom 
(Hollingshead, 1954).
The structural formula of lomofungin shows two 
possible chelating sites, namely where the hydroxyl 
groups at positions 4 and 8  are located relative to 
ring nitrogen atoms (as in 8 -hydroxyquinoline). 
Four lines o f evidence confirm that lomofungin can 
chelate bivalent cations.
(1) 8 -Hydroxyquinoline chelates of certain metal 
cations, such as M n2+, are insoluble within certain 
pH ranges (Hollingshead, 1954). Addition of Mn2+ 
(1.5mM) to lomofungin solution (1.25mM in 10mM- 
Tris-H C l buffer at pH 7.95) caused form ation of a 
heavy precipitate.
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Fig. 1. U.v.-absorption spectra o f S-hydroxyquinoline and 
lomofimgin
(a) 0.035niM-8-Hydroxyquinoline in lOmM-Tris-HCl
buffer, pH 7.95, alone (----- ) and with 5mM-MgCl2
(----- ). (b) 0.025niM Purified lomofungin in lOmM-Tris-
HC1 buffer, pH7.95, alone (---- ) and plus 0.05mM-MnCl2
(----- ) or 0.1mM-MgCl2 (• • • •)■ (O 0.012ntM Purified
(----- ) and commercial (----- ) lomofungin in 2 0  i j m -
sodiuin acetate adjusted to pH5.5 with lM-acetic acid, 
and purified lomofungin plus 0.05 mM-MgCl2(- • • •)•
(2) Chelation of bivalent cations by 8 -hydroxy- 
quinoline results in a change in the u.v.-absorption 
spectrum (Fig. 1 a). Fig. 1(b) shows the u.v.-absorp- 
tion spectrum of purified lomofungin. Addition 
of Mn2+ or Mg2+ caused changes in the absorp­
tion spectrum, with increased extinction in the 265- 
275 and 295-315nm  regions. Univalent cations 
(Na+, K +) did not cause a  change in the absorption 
spectrum. The absorption spectrum of the lomo- 
fungin-plus-bivalent-cation form  could be restored 
to the free-lomofungin form  by addition of EDTA 
to a concentration exceeding that o f the bivalent 
cation.
(3) Fig. 2 shows the pH-dependence of the change 
in extinction of lomofungin at 308 nm caused by 
extinction of lomofungin at 308 nm caused by addi­
tion of M n2+. Taking the change in extinction 
at 308 nm as a measure of the am ount of chelation, 
the results indicate that chelation commenced at 
about pH4.5, and that chelation capacity increased
up to  about pH  7. These results are consistent 
with a dependence of chelation on dissociation of 
acidic hydroxyl groups, and suggest that half o f the 
hydroxyl groups are dissociated and available for 
chelation at pH  5.6. The p Ka for the dissociation 
of the hydroxyl group of 8 -hydroxyquinoline is
5.5 (Hollingshead, 1954; O ’Sullivan, 1969).
(4) We attem pted to  measure the stoicheiometry of 
chelation of bivalent cations by lomofungin, by 
measuring the change in u.v. absorption when 
increasing am ounts of M n2+ or Mg2+ were added to  
lomofungin solutions. The measurements were made 
at pH  7.95, where almost all the hydroxyl groups 
should be dissociated. Fig. 3 shows tha t with 
0.025 mM-lomofungin, a  maximum increase in the 
extinction at 308 nm was obtained with 0.05 m M - 
M n2+. These data suggest that a t saturation, two 
M n2+ cations are bound per molecule of lomofungin, 
a result consistent with the two binding sites suggested 
by the structural formula. The slight decline in 
the extent o f the change in extinction at 308 nm at 
higher concentrations of M n2+ was caused by some 
precipitation of the lom ofungin-M n2+ chelate.
A rather higher concentration of Mg2+ (0.1 m M ) 
was required to  produce the maximum change of 
extinction of 0.025 mM-lomofungin (Fig. 3). This 
result could mean that lomofungin can bind more than 
two Mg2+ cations per molecule, but is m ore likely 
to mean that the stability constant o f the lom ofungin- 
Mg2+ chelate is comparatively low, and that higher 
Mg2+ concentrations are required to  ensure complete 
occupation of the available chelating sites. I t  is
0.4
00
t |  0.2 
<
Fig. 2. pH-dependence o f chelation o f Mn2+ by 
lomofimgin
Changes in the extinction at 308 nm caused by adding 
0.05mM-MnCl2 to 0.025 mM-purificd lomofungin, at 
various pH values. Solutions were buffered by 20niM- 
sodium acetate adjusted with 1 M-acetic acid to pH values 
between 3.7 and 6.0, by 20mM-2-(/V-morphoIino) 
ethanesulphonic acid adjusted with lM-NaOH to pH 6 .6  
or 7.2, or by 20niM-Tris-HCl buffer, pH 7.95.
i r
Vol. 147




Bivalent cation (ih m )
Fig. 3. Stoicheiometry o f chelation o f MnI+ (■) and Mg2+ 
( A )  by lomofungin
Various concentrations of MnCl2 or MgCl2 were added to 
0.025mM-lomofungin in 10mM-Tris-HCl buffer, pH 7.95. 
Chelation was measured by the change in extinction at 
308 nm (Mn2+) or 303 nm (Mg2+).
consistent with this explanation that 8 -hydroxy- 
quinoline also binds M n2+ m ore strongly than 
Mg2+ (O’Sullivan, 1969).
Purification o f  lomofungin
The experiments in this paper were carried out 
with lomofungin purified from  the commercial 
sample. The absorption spectrum of commercial 
lomofungin (Fig. lc) was similar to  that obtained 
when bivalent cation was added to purified lomo­
fungin. The absorption spectra shown in Fig. 1(c) 
were measured at pH 5.5, as the contam inant-lom o- 
fungin complex is more soluble at pH 5.5 than at 
pH7.95.
The absorption spectrum of commercial lomo­
fungin could be shifted to the purified lomofungin 
form by addition of EDTA. These data therefore 
suggest that the commercial lomofungin contained 
a bivalent (or tervalent) cation as impurity. This 
impurity was found to inhibit RN A  polymerase 
activity under certain circumstances, for example 
in the presence of very high concentrations of 
M n2+ and Mg2+ (Fig. 7), which presumably liberated 
the impurity from lomofungin by competition for the 
chelating sites. At the normal bivalent cation con­
centration of the standard polymerase reaction mix­
ture, the impurity remained bound to the lomofungin, 
and RNA polymerase activity was affected similarly 
by commercial and purified lomofungin, as shown in 
Fig. 6 .
The purification scheme for Iomofungin described 
in the Materials and M ethods section attem pted to 
remove the contam inant in three ways: by dissolving 
the lomofungin at high pH and high concentration, 
and removing insoluble chelates; by competing for 
cations with relatively high concentrations of 
8 -hydroxyquinoline, and by decreasing the pH  to 
3.5, where lomofungin does not chelate (Fig. 2), and 
where the antibiotic is insoluble, leaving the liberated 
cations in solution.
RN A  polymerase assay
Fig. 4 shows a time-course of the incorporation of 
[3H]CTP radioactivity into acid-insoluble poly­
nucleotide by E. coli RN A  polymerase. Depending 











Fig. 4. Kinetics o f incorporation o f [3H]CTP by isolated 
E. coli RNA polymerase
A, DNA-independent incorporation; ■, DNA-dependent 
incorporation, found by subtracting DNA-independent 
incorporation from total incorporation; □, DNA- 
dependent incorporation in an incubation to which 
l.OmM-lomofungin was added after 3.5min and an 
additional 1.5mM-MnCl2 and 1.0mM-MgCl2 were added 
after 6 min.
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[Mn2++M g2+] ( i h m ) [EDTA] ( ih m )
Fig. 5. Bivalent-cation requirements o f E. coli RNA polymerase
■ , DNA-dependent incorporation; &, DNA-independent incorporation in a 5min incubation, (a) Incubations containing 
no EDTA and various concentrations of bivalent cation in the molar ratio 1.5MnCl2:1 .OMgCF. (6 ) Incubations containing 
no bivalent cation and various concentrations of EDTA. (c) Incubations containing 1.5mM-MnCl2, 1.0mM-MgCl2 and 
various concentrations of EDTA.
linear with time for 7 to 40min. Also depending 
on the batch of enzyme, between 10 and 30% of 
total incorporation was found to  be independent 
of a DNA template. Negligible am ounts of 
radioactivity were rendered acid-insoluble when no 
enzyme was present.
Fig. 5 shows the bivalent-cation requirements for 
enzyme activity. DNA-independent incorporation 
was relatively independent of bivalent cation con­
centration (Fig. 5a) and also continued in the complete 
absence of bivalent cations (Fig. 5b). The cause of 
this DNA-independent incorporation is not fully 
understood.
To test whether lomofungin was capable of 
inhibiting RNA polymerase activity solely by remov­
ing bivalent cations, it was necessary to  correct 
for this am ount o f bivalent cation-independent 
DNA-independent incorporation. This was done by 
running each assay in parallel, with and without 
DNA. The am ount of DNA-dependent incorpora­
tion was found by subtracting DNA-independent 
incorporation from total incorporation.
DNA-dependent incorporation did not occur in 
the absence of bivalent cations (Fig. 56); it rose to 
a maximum at a total M n2++ M g 2+ concentration 
of 1.5mM (Fig. 5a), then remained fairly steady with 
increasing bivalent cation concentration over the 
range tested. In the presence of ].5mM-Mn2+ and 
1.0mM-Mg2+, DNA-dependent R N A  polymerase 
activity could be decreased by addition of EDTA. 
At low concentrations of added EDTA, up to 0.5 mM, 
enzyme activity was increased with some 
batches of enzyme (Fig. 5c). This was presumably 
by removal o f traces of toxic metal-cation con­
taminants in the assay mixture,
Effects o f  lomofungin and S-hydroxyquinoline on 
RNA polymerase activity
As agents chelating M n2+ and Mg2+, lomofungin 
and 8 -hydroxyquinoline would be expected to 
inhibit DNA-dependent RN A  polymerase by decreas­
ing the concentrations of these cations to  values 
insufficient for enzyme activity (Fig. 5a). However, 
this does not exclude the possibility that lomofungin 
and 8 -hydroxyquinoline might inhibit the enzyme 
activity in another way, possibly by binding to the 
D N A, by direct interaction with the polymerase as 
suggested by Cano et al. (1973), or by chelating the 
Zn2+ tightly bound to the polymerase (Pavletich 
et al., 1974). I f  lomofungin and 8 -hydroxyquinoline 
are capable of inhibiting R N A  polymerase by chela­
tion of the dissociable bivalent cations, three 
predictions should be fulfilled. (1) The concentration 
o f inhibitor giving complete inhibition of polymerase 
activity should be that required to  lower the M n2++  
Mg2+ concentration to  a  value insufficient for enzyme 
activity. (2) The inhibition of polymerization should 
be reversed by addition of more M n2+ and Mg2+. 
(3) Inhibition should occur in the absence of direct 
contact between inhibitor and D N A  or polymerase. 
These predictions have been tested experimentally.
(1) The effects o f various concentrations of 
lomofungin or 8 -hydroxyquinoline on DNA-depen­
dent D N A  polymerase activity are shown in Fig. 6 . 
The two dose-response curves share certain features. 
A t low concentrations of lomofungin or 8 -hydroxy­
quinoline, there was no inhibition of enzyme activity; 
indeed, with some samples of enzyme, a small stim u­
lation was found. Inhibition commenced at con­
centrations of 0,2mM-lomofungin and l,0m.M-
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[Lomofungin] or [8-hydroxyquinoline] (mM)
Fig. 6 . Effects o f various concentrations o f  (a) 
%-hydroxyquinoline and (b) lomofungin on DNA-dependent 
RNA polymerase activity
Continuous lines and solid symbols show results obtained 
when 8-hydroxyquinoline or lomofungin was present 
during the enzyme assay. The different solid symbols 
represent results from different batches of enzyme. For 
lomofungin, results shown by (a ) were obtained with 
commercial lomofungin; those shown by (©, e , y)  were 
obtained with purified lomofungin. The broken lines and 
open circles show results obtained when 8-hydroxy­
quinoline or lomofungin was removed from the 
incubation before addition of DNA and RNA 
polymerase, as explained in the Results section. All data 
are expressed as percentages of activity in control 
cultures containing no inhibitor. The incubation time 
was 5min.
8 -hydroxyquinoline, and was complete at about 
1.25mM-lomofungin and between 3 and 5mM- 
8 -hydroxyquinoline.
The total bivalent cation concentration of the 
reaction mixture was 2.5mM (1.5mM-Mn2++ 1.0m n- 
Mg2+). The concentration of 8 -hydroxyquinoline 
required for complete chelation of the M n2+ and 
M g2+ is 5mM, since each bivalent cation can bind two 
molecules of 8 -hydroxyquinoline in the chelate 
(Hollingshead, 1954). The data of Fig. 3 suggest that 
1.25mM-lomofungin should chelate most o f the
2.5 mM bivalent cation, as each lomofungin molecule
binds two M n2+ ions or rather less than two Mg2+ 
ions at pH 7.95.
As both lomofungin (Fig. 3) and 8 -hydroxy­
quinoline (O’Sullivan, 1969) bind M n2+ more 
strongly than Mg2+, it is likely that M n2+ would be 
removed more effectively than Mg2+ when the total 
chelator concentration is less than required for 
complete chelation o f M n2+ and Mg2+. Mg2+ alone 
is much less effective as an activator of R N A  poly­
merase than M n2++ M g 2+. Pavletich et al. (1974) 
reported maximum R N A  polymerase activity with 
15-20mM-Mg2+, whereas maximum activity was 
obtainable with 1.5-2.5 mM of the combined cations 
(Fig. 5a). The concentrations of lomofungin and 
8 -hydroxyquinoline required to  give near-complete 
inhibition of RN A  polymerase activity (Fig. 6 ) 
were thus slightly less than those necessary for 
complete removal of all M n2+ and Mg2+. However, 
these inhibitor concentrations should have removed 
practically all o f the M n2+ and much of the Mg2+, 
leaving the polymerase with too little M g2+ for 
significant activity.
(2) Inhibition of R N A  polymerase activity by 
8 -hydroxyquinoline could be prevented by adding 
extra M n2++ M g 2+ to the incubations (Fig. la). 
A t the highest inhibitor concentration, it was not 
possible to  get complete reversal o f inhibition.
I t proved less easy to  dem onstrate reversibility 
of inhibition by lomofungin. W ith the unpurified 
lomofungin, addition of extra M g2+ and M n2+ 
typically increased the inhibition o f RNA polymerase 
activity (Fig. 76), probably by releasing the 
presumed toxic contam inant from  lomofungin (Fig. 
1c). Very high concentrations of extra M n2+ and 
Mg2+ gave some reversal o f inhibition (Fig. lb). 
The inhibition of RNA polymerase by purified 
lomofungin was readily reversible by addition of 
extra M n2+ and Mg2+.
The experiments described in Figs. 6  and 7 were 
carried out by adding polymerase to  incubation 
mixtures already containing Iomofungin or 8 - 
hydroxyquinoline and bivalent cations. Fig. 4 
shows that when purified lomofungin was added to 
an incubation in which the polymerase was already 
in action, inhibition occurred immediately. Poly­
merase activity recommenced immediately on addi­
tion o f extra M n2++ M g 2+ to the incubation.
(3) As a check on the ability of 8 -hydroxyquinoline 
and lomofungin to  inhibit the polymerase solely by 
chelation of M n2H' and Mg2+, polymerase activity was 
assayed in reaction mixtures from  which lomofungin 
or 8 -hydroxyquinoline had been removed before 
addition of DNA. and enzyme.
Incomplete polymerase-assay mixtures were pre­
pared, containing the normal final am ounts of Tris 
buffer, KC1, mercaptoethanol and bivalent cations, 
but lacking D N A , nucleoside triphosphates and 
RN A  polymerase. 8 -Hydroxyquinoline or lomofungin
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[Total b iv a le n t cation] (u im )
Fig. 7. Reversal o f inhibition o f RNA polymerase by 
8-hydroxyquinoline or lomofungin
Bivalent cations in the molar ratio 1.5Mn2+: 1.0Mg2+ 
were added to various final total concentrations before 
addition of RNA polymerase to reaction mixtures 
containing lomofungin or 8-hydroxyquinoline. (a) A ,  
DNA-dependent RNA polymerase activity in control 
incubations containing no inhibitor, and polymerase 
activity in the presence of (a) 2mM-, (o) 3 him- and 
(a ) 4mM-8-hydroxyquinoline. (6 ) RNA polymerase 
activity in incubations containing l.OmM purified (□) 
or commercial (■) lomofungin. All data are expressed as 
percentages of incorporation in a control assay with 
2.5mM total bivalent cation. The incubation time was 
5min.
was added to  various concentrations. 8 -Hydroxy- 
quinoline and its chelates were removed by shaking 
the incomplete reaction mixtures twice with equal 
volumes of chloroform. The residual chloroform was 
removed under vacuum. Exam ination of the u.v.- 
absorption spectrum of the incomplete reaction 
mixture after 8 -hydroxyquinoline treatm ent and 
chloroform extraction confirmed that removal of 
8 -hydroxyquinoline had been complete. Lomofungin 
was more difficult to  extract, as it does not readily 
partition into organic solvents at high pH. Insoluble 
chelates formed in incomplete reaction mixtures with 
high lomofungin concentrations at pH  7.95 were 
removed by centrifugation. The pH  was then lowered 
to 5.5 by addition of acetic acid ; most o f the remaining
lomofungin precipitated and was removed by 
centrifugation. The reaction mixture was then shaken 
with chloroform, which removed the last o f the 
lomofungin, and the pH  was restored to  7.95 with 
Tris. Incomplete reaction mixtures, w ithout added 
chelating agent, were extracted by both  above 
schemes as controls.
RN A , nucleoside triphosphates and R N A  poly­
merase were added to  the chelating-agent-treated or 
control partial incubation mixtures, and polymerase 
activity was measured as usual. The results were dose- 
response curves similar to  those obtained when lom o­
fungin or 8 -hydroxyquinoline was present during the 
polymerase assay (Fig. 6). These results therefore 
prove that lomofungin and 8 -hydroxyquinoline 
are capable of inhibiting R N A  polymerase solely 
by chelation of M n2+ and Mg2+, and show that 
inhibition can occur in the absence of direct contact 
between the chelating agent and the D N A  or R N A  
polymerase.
Discussion
We have shown tha t lomofungin can chelate Mg2+ 
and M n2+ (Fig. 3). 8 -Hydroxyquinoline will also 
chelate these cations (O’Sullivan, 1969). The E. coli 
R N A  polymerase used in our experiments was 
inactive in the absence of M n2++ M g 2+ (Fig. 5a). 
The data for polymerase activity with different 
concentrations of lomofungin or 8 -hydroxyquinoline 
(Fig. 6 ) show that complete inhibition was achieved 
a t the inhibitor concentrations required for chelation 
of most o f the M n2+ and Mg2+ present. Fig. 6  also 
shows that the same dose-response curves were 
obtained when there was no direct contact between 
enzyme and inhibitor. Finally, enzyme activity 
could be restored by addition of extra M n2+ and 
Mg2+ to reactions inhibited by lomofungin or 
8 -hydroxyquinoline (Figs. 4 and 7). These results 
show unequivocally that lomofungin and 8 -hydroxy­
quinoline are capable of inhibiting isolated E. coli 
R N A  polymerase solely by chelating essential M n2+ 
and Mg2+. Our data do not exclude the possibility 
that other mechanisms of inhibition by lomofungin 
and 8 -hydroxyquinoline might exist in vivo.
In  contrast with our conclusions, Pavletich et al. 
(1974) claim to have shown that lomofungin does not 
act by chelating Mg2+ or M n2+. They suggested that 
lomofungin inhibits RNA synthesis by preventing 
the initiation of transcription, by chelating the Zn2+ 
which is tightly bound to  the R N A  polymerase 
(Scrutton et al., 1971). We now discuss experimental 
evidence against these conclusions.
The suggestion by Pavletich et al. (1974) that 
lomofungin does not act by chelating M n2+ or 
Mg2+ stems from their finding that yeast cells could 
be protected from inhibition of growth by lomofungin, 
by preincubation for 2 h in culture medium con­
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taining extra Cu2+, Zn2+ or Fe2+, but no protection 
was obtained when the medium contained extra 
M n2+ or Mg2+. In contrast, we have found that the 
inhibition of RNA synthesis in yeast by lomofungin 
does bear an inverse relationship to the Mg2+ 
concentration in the medium, but growth periods of 
longer than 2h under different Mg2+ concentrations 
are required to show the maximum effect (R. S. S. 
Fraser & J. Creanor, unpublished work). The pro­
tection of yeast from inhibition afforded by C u2+, 
Zn2+ and Fe2+ occurs because lomofungin chelates 
these cations (Pavletich et al., 1974). In  the cell this 
must result in a decrease in the concentration of 
free Iomofungin available to  inhibit RN A  synthesis.
Pavletich et al. (1974) investigated the effects of 
Mg2+ concentration on the inhibition of isolated
E. coli RNA polymerase by lomofungin, and found a 
significant increase in the activity of lomofungin- 
inhibited enzyme with higher Mg2+ concentrations. 
We attribute their failure to obtain complete recovery 
o f polymerase activity to the use of unpurified 
lomofungin, from  which high Mg2+ concentrations 
probably cause the release of a metal cation toxic 
to  polymerases (Fig. lc). Fig. 7 shows that with 
purified lomofungin, addition of extra M n2+ and 
M g2+ gave much higher recovery of polymerase 
activity than when unpurified lomofungin was used.
Pavletich et al. (1974) quoted no direct experi­
mental evidence that lomofungin does not chelate 
M n2+ and Mg2+; we have shown that lomofungin 
does chelate these cations (Figs. 1 and 3). We 
therefore consider that these results of Pavletich 
et al. (1974) do not exclude the chelation of M n2+ 
and Mg2+ by lomofungin as a means of inhibition of 
RNA polymerase.
The activity of RN A  polymerase depends on the 
dissociable cations M n2+ and Mg2+, and on Zn2+, 
which is tightly bound to the enzyme (Scrutton et al., 
1971; Valenzuela et al., 1973). The ability o f lomo­
fungin and 8 -hydroxyquinoline to  chelate all three 
bivalent cations poses the question of whether the 
inhibition of RN A  polymerase by these agents is a 
result of chelation of Zn2+, the dissociable cations, 
or all three. O ur data show that inhibition by 
chelation of M n2+ and Mg2+ alone is possible, but do 
not rule out the chelation of Zn2+ as a further contri­
bution to inhibition. Pavletich et al. (1974) concluded 
that inhibition was by chelation of Zn2+, from 
experiments showing that Zn2+ and Cu2+ prevented 
inhibition of RNA synthesis in yeast by lomofungin, 
and from a dem onstration that RN A  polymerase 
pretreated with lomofungin failed to form the D N A - 
RNA polymerase initiation complex. Three types of 
experimental evidence suggest that chelation of Zn2+ 
is unlikely to contribute to the primary mechanism of 
inhibition of RNA polymerase by lomofungin or 
8 -hydroxyquinoline.
(1) Inhibition of RN A  polymerase by specific
chelation of Zn2+ is very slow, with reported 
delays before full inhibition of 5-10m in for E. coli 
RNA polymerase (Scrutton et al., 1971) and 2h 
for eukaryote RN A  polymerases (Valenzuela et al., 
1973). Inhibition by chelation of Zn2+ may be slow 
both because Zn2+ is involved in chain initiation rather 
than elongation, and because the Zn2+ is very 
tightly bound to the enzyme (Scrutton et al., 1971) 
In contrast, Iomofungin inhibited isolated E. coli 
RN A  polymerase immediately (Fig. 4). Cano et al. 
(1973) also reported an immediate inhibition of 
isolated yeast RNA polymerase by lomofungin, and 
suggested that Iomofungin inhibited chain elongation.
(2) The chelating agent o f choice in studies of 
polymerase-bound Zn2+ is o-phenanthroline, which 
chelates Zn2+ but not Mg2+ (O’Sullivan, 1969). 
Hence o-phenanthroline does not interfere with the 
dissociable bivalent-cation requirement o f the 
polymerase. 8 -Hydroxyquinoline and ED TA  chelate 
Zn2+ more strongly than o-phenanthroline does, but 
8 -hydroxyquinoline and ED TA  also chelate Mg2+. 
Scrutton et al. (1971) and Valenzuela et al. (1973) 
found that RN A  polymerase was strongly inhibited 
by 0.5-1.0mM-o-phcnanthroline, in the presence of 
5-10mM-Mg2+. Scrutton et al. (1971) found that 
1 itim-EDTA or -8 -hydroxyquinoline did not inhibit 
polymerase activity. Valenzuela et al. (1973) reported 
that up to 10mM-EDTA or 8 -hydroxyquinoline was 
required for strong inhibition. The clear implication 
o f these results is that Mg2+ saturates the chelating 
sites o f EDTA or 8 -hydroxyquinoline, and prevents 
chelation of the Z n2+. The concentrations of EDTA 
or 8 -hydroxyquinoline reported by Valenzuela et al.
(1973) to  give strong inhibition of R N A  polymerase 
activity were those required for chelation of the Mg2+.
(3) Pavletich et al. (1974) found that incubation 
of RN A  polymerase with lomofungin in the absence 
of Mg2+ prevented form ation of the initiation com­
plex between D N A  and the polymerase. This result 
shows only that lomofungin is capable of chelating 
the Zn2+ of the polymerase in the absence of 
competing bivalent cations. It does not show that 
Iomofungin will prevent form ation of the initiation 
complex in vivo or in a complete system containing 
Mg2+ in vitro. Indeed, Pavletich et al. (1974) found 
that when Iomofungin was preincubated with DNA, 
with subsequent addition of Mg2+ and polymerase, 
there was no inhibition of form ation of the initiation 
complex by lomofungin. This result strongly suggests 
that Mg2+ prevented the chelation of polymerase- 
bound Zn2+ by lomofungin.
From  these considerations, and from  the experi­
mental evidence reported in this paper, we suggest 
that the primary mechanism of inhibition of RNA 
polymerase by lomofungin and 8 -hydroxyquinoline 
is by the chelation of the dissociable bivalent cations 
M n2+ and Mg2+, and not by chelation of the Zn2+ 
tightly bound to the enzyme. Our data do not exclude
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the possibility that concentrations o f chelating agent 
higher than required to chelate the available M n2+ 
and Mg2+ might chelate the Zn2+. However, by this 
stage the enzyme is already inactivated by lack o f  
dissociable bivalent cation. Chelation of Zn2+ is a 
possible explanation of the failure totally to  restore 
polymerase activity by addition of M n2+ and Mg2+ 
to enzyme inhibited by the highest concentration o f 
8 -hydroxyquinoIine (Fig. 7).
Demonstration o f the mode o f action o f an 
inhibitor in a simplified system in vitro provides a 
strong indication, though not complete proof, o f the 
way it acts in the intact cell. We have shown that 
lomofungin and 8 -hydroxyquinoline inhibit E. coll 
RNA polymerase in vitro by chelating M n2+ and 
Mg2+. Yeast R N A  polymerases also require M n2+ 
and Mg2+ (Ponta et al., 1971; Brogt & Planta, 1972; 
Adman et al., 1972) and lomofungin inhibits the acti­
vity of yeast RNA polymerases in vitro (Cano et al.,
1973). These data suggest that lomofungin and 8 - 
hydroxyquinoline might inhibit RN A  synthesis in 
intact yeast cells by chelation of the dissociable 
bivalent cations required for polymerase activity. 
There is experimental evidence which is consistent 
with chelation as the mechanism of action of the 
inhibitors in vivo. The ability to chelate falls with 
decreasing pH. When the internal pH  of yeast cells 
was decreased by growing cells in culture medium at 
low pH, the inhibition of R N A  synthesis by 8 - 
hydroxyquinoline was also lessened (Fraser & 
Creanor, 1974).
Our suggestion that chelation is the mode o f 
action oflomofungin and 8 -hydroxyquinoline permits 
explanation of their effects on some other aspects o f 
metabolism in yeast.
The synthesis of 5S RN A  and tR N A  is inhibited 
less than synthesis of rR N A  and polydisperse RNA 
by 8 -hydroxyquinoline (Fraser & Creanor, 1974) 
and lomofungin (Cano et al., 1973; Fraser et al., 
1973; Cannon & Jimenez, 1974). This may be related 
to the different bivalent-cation requirements o f 
different RNA polymerases. Yeast polymerase III  
has a lower total requirement for dissociable bi­
valent cations than polymerases I and II, and is fully 
active with Mg2+ alone, whereas polymerases I and II 
require M n2+ as well as Mg2+ for full activity (Ponta 
et al., 1972). The decrease in bivalent cation 
concentration, and particularly in M n2+ concen­
tration, likely with lomofungin or 8 -hydroxyquino- 
Iine, should inhibit polymerase I II  less than 
polymerases I and II. This suggests that yeast 
polymerase III  may be responsible for 5S RN A  and 
tRNA synthesis. Polymerase III in animal cells, which 
also has a lower requirement for dissociable bivalent 
cations than polymerases I  and II (Roeder & Rutter, 
1969; Price & Penman, 1972), has been shown to 
synthesize 5S R N A  and tR N A  (W einmann & 
Roeder, 1974).
We are unable to  offer any explanation o f the 
com parative resistance of synthesis of yeast 5S R N A  
and tR N A  to inhibition by lomofungin based on 
primary inhibition of yeast R N A  polymerases by 
chelation of the tightly bound Zn2+ (Pavletich et al.,
1974). Valenzuela et al. (1973) found that sea-urchin 
RN A  polymerases I, II  and I II  were inhibited to 
similar extents by the Zn2+ chelator o-phenan- 
throline.
Lomofungin and 8 -hydroxyquinoline might be 
expected to  inhibit any cellular process requiring 
bivalent cations. This is certainly true for D N A  
synthesis. 8 -Hydroxyquinoline inhibits D N A  syn­
thesis in fission yeast (Fraser & Creanor, 1974). 
Cannon & Jimenez (1974) reported inhibition by 
lomofungin of D N A  synthesis in budding yeast, 
and suggested that this might be caused by the especial 
sensitivity to  lomofungin of R N A  synthesis particu­
larly involved in D N A  synthesis. This suggestion is 
made unlikely by the observation by Pavletich et al.
(1974) that D N A  polymerase is directly inhibited 
in vitro by lomofungin.
Protein synthesis, which requires Mg2+, is not 
immediately inhibited in yeast by lomofungin (Cano 
et al., 1973; Cannon et al., 1973; Fraser et al., 1973) 
or by 8 -hydroxyquinoline (Fraser & Creanor, 1974). 
However, in vertebrate cells both 8 -hydroxyquinoline 
(Fraser & Creanor, 1974) and lomofungin (R. S. S. 
Fraser & J. Creanor, unpublished work) inhibit 
protein synthesis as rapidly as they inhibit R N A  
synthesis. These findings suggest that there is 
nothing intrinsic to lomofungin or 8 -hydroxyquino- 
line which makes them selective inhibitors o f nucleic 
acid synthesis in yeast. In an earlier paper (Fraser & 
Creanor, 1974), we suggested that the pH  of yeast 
cytoplasm might be too low for significant chelation 
by 8 -hydroxyquinoline. U nder these circumstances 
protein synthesis would not be inhibited. There is 
evidence that the pH  of the yeast nucleus may be 
higher than that o f the cytoplasm (Conway & 
Downey, 1950) which would permit chelation in the 
nucleus and thus selective inhibition o f R N A  
synthesis. In vertebrate cells the average internal pH  
is much higher than that o f yeast (Caldwell, 1956). 
8 -Hydroxyquinoline and lomofungin would be 
expected to  be capable of chelating in both nucleus 
and cytoplasm, thus inhibiting both R N A  and pro­
tein synthesis.
The suggestion by Pavletich et al. (1974) that 
lomofungin inhibits R N A  synthesis solely by 
chelating the Zn2+ tightly bound to  the RN A  
polymerase might appear an attractive explanation of 
why lomofungin does not inhibit yeast protein 
synthesis. However, their model does not explain 
the rapid inhibition of protein synthesis in vertebrate 
cells (Fraser & Creanor, 1974) and does not allow for 
the ability of lomofungin to chelate Mg2+ as well as 
Zn2+ (Figs. 1 and 3).
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Turnover of Polyadenylated Messenger RN A  in Fission Yeast
Evidence for the C on tro l o f  Protein Synthesis at the T ransla tiona l Level
Ronald S. S. FRASER
Department of Zoology, University of Edinburgh 
(Received May 20/September 6 . 1975)
Polyadeny la ted  R N A  was isolated from  fission yeast (Schizosaccharom yces p o m b e ) to ta l R N A  
using oligo(dT)-cellulose, and  was s tudied  as a m odel for m essenger R N A .  T h e  half-life o f  po ly­
adeny la ted  R N A  was m easured  by tw o independen t m ethods ,  (a) T h e  ra te  o f  labelling o f  po lyadeny la t­
ed R N A  d u r in g  incubation  o f  cells w ith  [5-3H ]u r id ine  was m easured .  A  half-life o f  40 —45 m in  
was found  by co m p ar in g  the exper im en ta l  d a ta  with theoretical curves ca lcu la ted  for labelling of  
R N A s  with var ious  half-lives. T he  influence o f  p recu rso r-poo l  specific activity on R N A  labell ing 
kinetics is considered ,  (b) Cells were labelled with [5-3H ]u r id ine  then  fu r th e r  R N A  synthesis was 
inhibited  by add i t ion  o f  8-hydroxyquinol ine .  T he  ra te  o f  loss o f  rad ioac tiv ity  from  polyadenyla ted  
R N A  indicated  a half-life o f  50 min. T h e  half-life found  by these two m e th o d s  is a b o u t  one- th ird  o f  
the cell doub ling  time, and  is m uch  longer th a n  prev ious es tim ates  by indirect m e th o d s  o f  yeast 
messenger R N A  half-life. Both experim ental m e th o d s  p rov ided  evidence for the  existence o f  two 
pop u la t io n s  o f  po lyadenyla ted  R N A .  T h e  larger p o p u la t io n  has a half-life o f  40 — 50 m in ;  a m uch  
sm alle r  p o p u la t io n  is p ro b ab ly  tu rn ing  over m o re  rapidly.
A fter  inhibition  o f  R N A  synthesis by 8-hydroxyqu ino line ,  the  ra te  o f  to ta l  p ro te in  synthesis 
declined m uch  m ore  rapidly  th a n  the po lyadeny la ted  R N A  co n ten t  o f  the  cells. H ow ever,  60 min 
af ter  inhibition  o f  R N A  synthesis there was a small rise in the  ra te  o f  p ro te in  synthesis. These d a ta  
are  in te rpre ted  as evidence for m echan ism s con tro l l ing  p ro te in  synthesis which o p era te  a t  the  level 
o f  m essenger R N A  transla tion .
Previous es tim ates  o f  the half-life (t0 5) o f  m essen­
ger R N A  in yeasts have been m ade  by indirect m ethods. 
Values w ithin the range 20 — 25 m in  have been o b ­
tained by inhibiting  R N A  synthesis, then following 
the decay o f  p ro te in  synthesis [1, 2 ] o r  the d isa p p ea r­
ance o f  po ly r ibosom es [3 — 5].
Recently it has  been discovered tha t  m any  m R N A s  
in eukaryotes ,  including yeasts, con ta in  a polyadenylic  
acid sequence [6— 10]. T h e  deve lopm ent o f  m ethods  
for the separa tion  o f  po lyadenyla ted  m R N A  from  
total R N A  [7,11] has  m ade  it possible to  exam ine 
the tu rnover  ra te  o f  a defined fraction  o f  m R N A  
directly. This p ap e r  repor ts  an investigation o f  the 
t0.5 o f  po lyadeny la ted  m R N A  in fission yeast.
Abbreviations. t05, half-life time; poly(A), polyadenylic acid: 
oligo(dT), oligotliymidylic acid; poly(A)+ RNA, RNA containing 
a polyadenylic acid sequence; poly(A)“ RNA, RNA lacking a 
polyadenylic acid sequence; butyl-PBD, 2-(4 '-/ci7 -butylphenyl)-5- 
(4"-biphenylyl)-1,3,4-oxadiazole.
Enzymes. Ribonuclease (EC 3.1.4.22); acid phosphatase (EC 
3.1.3.2); hexokinase (EC 2.7.1.1); sucrase (invertase) (EC 3.2.1.26); 
maltase (EC 3.2.1.20).
M A T E R I A L S  A N D  M E T H O D S
C ulture C onditions
Fission yeast {Schizosaccharom yces pom be  L ind ­
ner), s tra in  N .C .Y .C .  132, A .T .C .C .  24751, was 
g row n a t  32 °C in a m in im al m e d iu m  E M M  2 [12]. 
T he  m ean  gene ra tion  tim e was 150 min. C u l tu re s  in 
the early  p a r t  o f  the exponen tia l  g row th  phase,  with 
cell co n c en tra t io n s  o f  (2.5 —4.0) x  106/ml, were used 
for experiments.
Radioisotopes
[5-3H ]U r id in e  (29 C i /m m ol)  and  [4,5-3H]leucine 
(15 C i /m m ol)  were o b ta ined  from  the R adiochem ical  
C e n tre  (A m ersh am , U K ).
U ptake and  Incorporation o f  [5 -3H JU rid ine
Cells were incuba ted  with 20 p C i /m  1 [5-3H]urid ine .  
T he  in c o rp o ra t io n  o f  rad ioactiv ity  in to  R N A  w asm eas-
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ured  by mixing 0.5-ml sam ples  o f  cu l tu re  with 5 ml 
ice-cold 5°,,  C C I3C O O H . T he  cells were collected by 
fil trat ion  on W h a tm a n  G F / A  glass-fibre p ap e r  and  
w ashed  three times with 5 ml cold 5 %  C C I3C O O H . 
A cid-inso lub le  radioactiv ity  on  the dried filters was 
m easu red  by coun t ing  in 5 ml 0.5",, b u ty l-P B D / 
to luene  scin til la tor  in a P acka rd  liquid-scintilla tion 
coun ter .  U rid ine  up ta k e  was m easu red  by mixing 
0.5 ml o f  cu l tu re  with 5 ml ice-cold w ater  con ta in ing  
iOOgg/nrl non-rad ioac tive  uridine. T he  cells were 
collected by filtration, w ashed  three times with 5 ml 
ice-cold w ate r  and  to ta l urid ine u p ta k e  was determ ined  
by sc intillation coun ting  as above. T h e  to ta l  r a d io ­
activity  o f  the acid-soluble pool was found  by su b ­
trac ting  in co rpo ra t ion  from  up take .
Pulse-C hase Labelling o f  R N A
F o r  studies o f  the ra te  o f  labelling o f  poly(A) + 
R N A ,  cells were incubated  for var ious  pulse times 
w ith  20 gC i/m l [5-3FI]uridine. T o  study  the rate  o f  
decay  o f  p o ly (A )+ R N A  rad ioactiv ity  af te r  inhibition  
o f  R N A  synthesis, 6.25 gCi/m l [5-3H ]ur id ine  was 
ad d e d  to  cultures  for a pulse incubation  o f  8 rnin 
o r  30 min. T he  cells were collected by filtration on 
an  O xoid  0.45-gnr pore-size filter, and  resuspended  
in the sam e volum e o f  chase m edium . T he  chase 
m e d iu m  had  been cond it ioned  by g row th  o f  cells 
an d  the ir  rem oval by filtration at a density  o f  2.5 
x  106/ml. T he  chase m ed ium  lacked [3H ]urid ine ,  but 
con ta in e d  100 gg/rnl non-rad ioac tive  urid ine and  
50 gg /m l 8-hydroxyquinol ine ,  a rap id  and  selective 
inh ib i to r  o f  R N A  synthesis in yeast [2,13]. Collection  
and  resuspension  o f  cells to o k  less than  1 min.
E xtraction  o f  R N A
Cells from  20 — 30 ml cu ltu re  were collected by 
filtrat ion on 0.45-gm pore-size M illipore filters, and  
resuspended  in 5 ml ice-cold 2 %  sod ium  triisopropyl- 
n a p h th a le n e  su lphona te  [14], 10 nrM N aC l,  50 m M  
T ris -H C l,  pH  7.8. 2 g  glass beads (40 mesh) were 
ad d e d  and  the cells were b roken  in a V ibrom ixer 
(S h a n d o n  Scientific, L on d o n ,  U .K .)  by ag ita t ion  for 
5 m in  a t  m ax im um  setting. An equal vo lum e o f  
phenol m ix tu re  (1000 g phenol,  200 ml m-cresol,
1 g 8-hydroxyqu ino l ine ,  300 ml ch lo ro fo rm , 200 ml 
w ater)  w as added  and  depro te in isa tion  was perfo rm ed  
as described  previously [15]. T he  extracted  nucleic 
acids were prec ip ita ted  by add i t ion  o f  2.5 volum es 
e th an o l  and  N aC l to 0.3 M. A fter  12 h a t  0 C, 
p rec ip ita ted  nucleic acids were collected by se d im en ta ­
tion at 2000 x g  for 5 min. T he  nucleic acids were 
fu r the r  purified by redissolving in 2 ml 0 .5 %  sodium  
dodecy lsu lphate .  0.15 M sod ium  acetate , pH  6.0, and  
reprec ip ita t ion  with 2.5 volumes e thano l at 0 C for 
12 h. A fter  three such cycles o f  reprec ip ita tion ,  the
nucleic acids were sto red  as a suspension  in 80";, 
e thano l.  0 . 1 %  sod ium  dodecy lsu lphate ,  0.03 M so­
d ium  aceta te ,  pH  6.0, at 0 C.
T o  de te rm ine  the to ta l R N A  extracted ,  a po r t ion  
o f  the nucleic acid suspension was sed im ented  and 
hydro lysed  in 0.5 N H C 1 0 4 a t  70 C for 20 min. The 
ultraviolet ab so rp t io n  spec trum  o f  the hydro lysate  
was m easured  in the U n ic a m  SP800 record ing  spec­
t ro p h o to m e te r .  R N A  c o n c en tra t io n  was calculated  
using a m o la r  ab so rp t io n  value a t  260 n m  o f  12400 M ~l 
x c m - 1 , ca lcula ted  for a so lu t ion  o f  equa l  m o la r  
quan ti t ie s  o f  the  four r ibonucleo tides  at acid pH. 
D N A  is only  1 % o f  to ta l nucleic acid in fission yeast 
[12] an d  thus  did no t  significantly in terfere in this 
R N A  assay.
O ligo f (IT )-C ellu lose Fractionation o f  R N A
R ad ioac tive  yeast R N A  was separa ted  in to  R N A  
co n ta in ing  a poly(A ) sequence [po ly (A )+ R N A ]  and 
R N A  lacking a poly(A ) sequence [poly(A)~ R N A ] 
using the b inding, at  high salt co ncen tra t ions ,  o f  the 
poly(A) sequences to  the  c o m p lem en ta ry  h o m o p o ly ­
nucleotide,  oligo(dT), im m obilised  on  cellulose [7,11 ]. 
Between 50 g g an d  200 gg to ta l  R N A  was dissolved 
in 1 ml b ind ing  buffer (400 m M  N aC l,  1 m M  E D T A , 
10 m M  T ris-H C l,  p H  7.8, 0 .2 %  sod ium  dodecy l­
sulpha te)  an d  shaken  gently for  30 — 60 m in  a t  20 C 
with 20 mg oligo(dT)-cellulose (C o llabora tive  R e­
search Inc., W a l th a m ,  M ass.,  U .S .A . ; b ind ing  capacity  
42.8 A 26o units  o f  poly(A)/g). T h e  cellulose was 
sed im ented  a t  12000 x  g  for 1 min, then  w ashed  four 
times with  0.5 ml b ind ing  buffer. T he  b ind ing  buffer 
su p e rn a tan ts  were co m bined  and  the poly(A )~  R N A  
prec ip ita ted  by 2.5 vo lum es e thano l  at  — 20 °C for 
12 h. T o  d e term ine  the  to ta l  rad ioactiv ity  o f  the 
p o ly (A )-  R N A ,  the  prec ip ita te  was collected by 
f iltrat ion on  glass-fibre paper ,  w ashed  three times 
with 5 ml cold  5 %  C C l3C O O H  and  3H radioactiv ity  
on the  filter was de term ined  as above.
T he  cellulose was then w ashed  four times with 
0.5 ml e lu tion  buffer (b ind ing  buffer m inus  N aC l)  to 
release the p o ly (A )+ R N A .  F o r  sucrose gradient 
analysis  o f  the p o ly (A )+ R N A ,  N aC l to  a final 
c o n c en tra t io n  o f  0.3 M , 50 gg non -rad ioac tive  yeast 
ca rr ie r  R N A  and  2.5 vo lum es e thano l  were added  to 
the co m bined  elu tion  buffer washes, an d  precip ita ted  
R N A  was collected by cen tr ifugation  af ter  12 h at 
— 20 C. T o  es t im ate  the  to ta l  rad ioactiv ity  o f  the 
p o ly (A )+ R N A ,  the co m bined  e lu tion  buffer washes 
were d ried  in sc intil lation vials at 70 C, hydrolysed 
in 0.3 ml 0.5 N  H C 1 0 4 for 20 m in at 70 C, then mixed 
with 7 ml sc in til la to r  (0 .5 %  bu ty l-P B D , 4 0 %  2-meth- 
oxyethano l,  6 0 %  toluene).
T he  to ta l recovery o f  rad ioactiv ity  from  the 
o ligo(dT)-cellulose was over 9 5 %  o f  the input.  Over 
9 0 %  o f  the rad ioac tiv ity  in the p o ly (A )+ R N A  frac-
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tion again bou n d  to  oligo(dT)-cellulose a t  high salt 
concentra t ion  when the p o ly (A )+ R N A  was reprocess­
ed with fresh cellulose. N o  significant a m o u n t  o f  
radioactivity b o u n d  to  the cellulose at high salt c o n ­
centration  when the poly(A )~  R N A  fraction  was 
reprocessed with fresh cellulose.
Sucrose Gradient Fractionation o f  R N A
Samples o f  up  to  50 pg R N A  were dissolved in 
0.1 ml grad ien t  buffer (150 m M  N aC l,  50 m M  Tris- 
HC1, pH 7.8, 1 m M  E D T A ,  0 .5 %  sod ium  dodecyl- 
sulphate) and  layered on to 5-nil g rad ien ts  o f  5 — 2 5 %  
sucrose in grad ien t  buffer. T he  g rad ien ts  were cen tr i­
fuged for 1.75 h at 50000 rev ./m in ( 2 3 4 0 0 0 x g  at 
r.lv) in a Spinco  SW 50.1 ro to r  at 25 C. 36 — 38 
12-d rop  fractions were collected from  each gradient.  
R N A  was p rec ip ita ted  by add i t ion  o f  200 pg bovine 
serum album in  as ca rr ie r  and  0.5 ml ice-cold 10% 
CCI3C O O H . T he  prec ip ita te  was collected by filtra­
tion on glass-fibre paper ,  w ashed three tim es with 
5 ml cold 5 %  CC I3C O O H  an d  3H rad ioactiv ity  was 
determ ined by co u n t in g  in bu ty l-P B D  to luene scintil­
lator.
D eterm ination o f  Spec ific  A c tiv ity  o f  18-S  rR N A
A bou t 20 pg [3H ]urid ine-labe lled  R N A  was f rac­
tionated on a 2 .4 %  po lyacry lam ide gel [16] for 2.5 h 
at 5 mA/gel, 8 V/crn gel length. Gels were scanned for 
absorbance at 265 nm  in a Joyce-Loebl gel scanner, 
frozen in solid C 0 2 and  sliced transversely at 1-mm 
intervals. T he  slices were incubated  with 0.3 ml 
0.5 N H C IO 4 at 70 °C for 20 min, mixed with 7 ml 
bu ty l-P B D /to luene /m ethoxye thano l  scin til la tor  and  
3H radioactivity  was m easured .  Fig. 1 shows a typical 
absorbance and  rad ioactiv ity  profile. T he  weight o f  
18-S r R N A  was ob ta ined  from  its peak  area  on the 
ultraviolet ab so rp t io n  scan ; peak  area  is linearly 
p roportiona l to  the weight o f  R N A  in the  peak  [17], 
Radioactiv ity  in the 18-S r R N A  was ca lcu la ted  by 
addition o f  the radioactiv ities o f  the individual gel 
slices in the 18-S rad ioactiv ity  peak, af te r  sub trac ting  
the polydisperse b ac k g ro u n d  radioactiv ity  on  the gel.
Protein Syn thesis
The rate o f  p ro te in  synthesis was m easured  by 
transferring 1-ml sam ples  o f  cu l tu re  to  p rew arm ed  
tubes con ta in ing  10 pCi [4,5-3H]leucine and  1 pg 
non-radioactive leucine. The samples were incubated  
tor 4 min at 32 °C, then  added  to  5 ml ice-cold 5 %  
CCI3C O O I I con ta in ing  50 pg/ml non -rad ioac tive  leu­
cine. The cells were collected by filtration, washed 
three times with 5 ml 5 %  C C l ,C O O H  and  acid- 
insoluble rad ioactiv ity  on  the filters was m easured  by 
counting in b u ty l-P B D /to luene  scintil lator. T he  contri-
Fig. 1. Determ ination o f  the specific activ ity  o f  vcast 18-S rR N A . 
Polyacrylam ide gel frac tionation  o f  [3H ]urid ine-labeIled  R N A  
from  yeast, labelled fo r 80 m in w ith 20 gC i/m l [5-3H ]urid ine. The 
con tin u o u s line show s ab so rbance  a t 265 nm , the histogram  3H 
radioactiv ity . T he 25-S rR N A  is a t 19 m m , the  18-S rR N A  at 31 mm
bu tion  to  co ld-acid-inso lub le  rad ioac tiv ity  o f  [3H]- 
leucinyl tR N A ,  m easured  by the  loss o f  insoluble 
rad ioactiv ity  af te r  15 m in  a t  90 °C in 5 %  C C l3C O O H  
[18], was insignificant.
R E S U L T S  A N D  D IS C U S S I O N  
C haracterization o f  P o ly  ( A )  + R N A
Fig. 2 A  shows sucrose g rad ien t  f rac tionations  o f  
typical p o ly (A )+ an d  p o ly (A )“ R N A  fractions. The 
p o ly (A )+ R N A  was polydisperse, sed im en ting  in the 
range from  6 S to  over  30 S, w ith  a b ro a d  peak  at 
11 S. T here  was no sign o f  significant c o n tam in a t io n  
o f  the  p o ly (A )+ R N A  by labelled t R N A  o r  rR N A . 
T he  p o ly (A )“ R N A  co n ta in e d  rad ioactive  tR N A ,  
18-S and  25-S r R N A  an d  som e polydisperse  labelled 
R N A  which did not b ind  to  the  oligo(dT)-cellulose 
at high salt concen tra t ions .
T he  p o ly (A )+ R N A  co n ta in s  a  nucleo tide  sequence 
with very high aden ine  con ten t  an d  a length with in  
the range  25 — 75 nucleo tide  residues. This  sequence 
is res is tan t to  d eg ra d a t io n  by pancrea t ic  and  T t 
ribonuclease. N o  such sequence is found  in the 
po ly(A %  R N A . (R. S. S. F raser ,  unpub lished  results). 
U n d er  the cond i t ions  used for b ind ing  o f  poly(A) + 
R N A  to oligo(dT)-cellulose, poly(A ) sequences with 
lengths d o w n  to  a lower limit o f  1 0 - 1 5  residues 
shou ld  be b o u n d  [38], It is thus  unlikely  th a t  the 
oligo(dT)-cellulose failed to  b ind  any  significant 
a m o u n t  o f  the p o iy (A )+ R N A .
P o ly (A )+ R N A  was a ro u n d  5 — 2 5 %  o f  the tota l 
R N A  labelled by a pulse o f  [3H ]u r id in e ;  the  percen tage
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Fig. 2. Sucrose ¡’radient sedim entation o f  / 3 H ] uridine-labelled veast
R N A .  (A ) P o ly (A ) ' R N A  (A A) and po ly(A )+ R N A  (■ --------■)
from  yeast labelled for 80 m in with 20 pCi ml [5-3H ]uridine. (B)
( ■ -------■ ) P o ly(A )+ RN A  from  cells labelled for 30 min with
6.25 (.tCi ml [5-3H ]urid ine. then resuspended for 150 m in in n o n ­
rad ioactive cu ltu re  m edium  conta in ing  100 pg/m l unlabelled uridine
a n d  50 |ig /m l 8-hydroxyquinoline. (□ ------- □ ) Po ly(A )+ R N A  from
cells resuspended in culture  m edium  w ith 50 pg ml 8-hydroxy- 
qu ino line  and  labelled w ith 6.25 pC i/m l [5 -'H ]u rid ine  from  120 — 
150 m in afte r resuspension. All radioactiv ity  values are expressed 
per 100 pg to ta l R N A  frac tionated  on oligo(dT)-cellulose.
o f  rad ioactiv ity  in the p o ly (A )+ R N A  decreased with 
increasing length o f  pulse incubation.
In this investigation p o ly (A )+ R N A  has been 
studied as a m odel for the m R N A  m etabo l ism  o f  the 
cell. It is im p o r ta n t  to ask w hether  the p o ly (A )+ R N A  
is in fact m R N A ,  and  w hat p ro p o rt io n  o f  the cellular 
m R N A  it accoun ts  for. T he  p o ly (A )+ R N A  isolated 
shows several p roperties  characteris tic  o f  m R N A .  
It is heterogeneous  in size; the ac tua l size range co r ­
responds  well to the sizes o f  m R N A s  which would 
be required  to code for a reasonable  d is tr ibu t ion  of  
p ro te in  sizes. T he  po ly (A )+ R N A  was labelled to  a 
very high specific activity in a pulse incubation .  It 
w as no t possible to calculate the exact specific activity, 
as the  weight o f  p o lv (A )+ R N A  p repared  by oligo(dT)- 
cellulose f rac tiona tion  was too  low to  m easure  ac­
curately . T he  presence o f  a poly(A) sequence is a 
character is t ic  o f  m any  eukaryo tic  m R N A s  [6 — 10], 
Finally , af te r  a 1-h pulse incubation ,  ab o u t  7 0 of  
the rad ioactive  p o ly (A )+ R N A  in the cell is associa ted
with the p o ly r ibosom e fraction  (R. S. S. F raser ,  u n ­
published results). F ro m  these criteria  it is concluded 
th a t  the p o ly (A )+ R N A  is m R N A .  T h e  possibility 
ca n n o t  be excluded th a t  som e o f  the p o ly (A )+ R N A  
is no t  m R N A ,  th o u g h  no  functions for poly(A) + 
R N A  o th e r  th a n  those  o f  m R N A  or m R N A  precurso r  
have been described.
The  p o ly (A )+ R N A  m ost p ro b ab ly  does not 
represen t the to ta l m R N A  con ten t  o f  the  cell, as at 
least som e o f  the non -po lyadeny la ted ,  polydisperse 
R N A  (Fig. 2 A) m ight have m R N A  activity. In 
bu d d in g  yeast, M cL a u g h lin  e t at. [9] found  th a t  some 
o f  the po lyribosom e-assoc ia ted  polydisperse R N A  
did no t con ta in  a poly(A) sequence. S h iokaw a and 
Pogo [19], however, found  the non -po lyadeny la ted  
polydisperse R N A  o f  bu d d in g  yeast m ain ly  in the 
nuclea r  an d  m e m b ra n e  fractions. m R N A s  lacking 
a poly(A) sequence have been found  in o th e r  e u k a ry ­
otes [2 0 - 22],
It is difficult to  es tim ate  exactly the  a m o u n t  of 
p o ly (A )-  polydisperse  R N A ,  as it ca n n o t  be separated  
from  the o th e r  p o ly (A )“ R N A s .  Subjective estimates 
from  sed im en ta tion  profiles o f  p o ly (A )-  an d  poly(A) + 
R N A s  suggest th a t  the p o ly (A )+ R N A  in fission yeast 
represents a b o u t  h a l f  o f  the  to ta l labelled polydisperse 
R N A . T h u s  p o ly (A )+ R N A  is likely to  represen t a 
m a jo r  fraction  o f  yeast m R N A ,  and  p rovides a suitable 
m odel for study  o f  yeast m R N A  m etabolism . The 
half-life o f  the p o ly (A )+ R N A  has  been m easured  
by two m ethods.
M easurem en t o f  P oly (A  J + R N A  H a lf-L ife  
by the K inetics o f  Labelling
G re en b e rg  [23] derived E qn  (1) for the labell ing 
o f  an R N A  species d u r in g  the a p p ro a c h  to  steady 
sta te :
A I A , =  1
/ I  1 \l>-,n2U + 7,,.,) ( 1 )
w here  A is the specific activity o f  the R N A  after 
labelling tim e /; A x is the specific activity as t —> co; 
td is the cell doub ling  tim e and  t0 5 is the half-life of 
the  R N A . T he  eq u a t io n  ho lds  for  cells in exponentia l 
g row th ,  when the R N A  is labelled from  a p recursor  
pool o f  c o n s tan t  specific activity.
The exper im en ta l  a p p ro a c h  is to  label cells for 
different times, p repa re  p o ly (A )+ R N A  and  determ ine 
its specific activity. T hese  exper im en ta l  d a ta  are  then 
co m p ared  with a series o f  theoretical curves for 
change  in A /A x with time, ca lcu la ted  from  E q n ( l )  
for R N A s  with different t0 5 values.
Fig. 3 A  show s the change in specific activity of 
p o ly (A )+ R N A  du r in g  a pulse-labelling with [3H]- 
uridine. As it was not possible to  m easure  the weight 
o f  p o ly (A )+ R N A  p repared ,  the specific activity was 
ca lcula ted  as rad ioactiv ity  in p o ly (A )+ R N A  per unit
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Fig. 3. Determ ination o f  the half-life o f  po ly  ( A ) + R N A  h r  the 
kinetics o f  labelling fro m  a precursor pool o f  constant specific activity.
(A) (A) E xperim entally  determ ined  changes in p o ly (A )+ R N A  
specific activity with length o f  pulse incubation  with 20 pCi/m l 
[5-3H ]uridine. Each po in t is the m ean o f six replicate de te rm in a­
tions. S tandard  erro rs  o f  the m eans were within the physical d im en­
sions o f  the sym bols. T he con tin u o u s lines show  theoretical labelling 
curves ( A / A x ) for R N A s w ith half-lives o f  20. 35. 50 and  80 min.
(B) IB) Experim entally  determ ined  changes in 1S-S rR N A  specific 
activity with length o f  pulse. T he con tin u o u s line show s the theo­
retical change in A / A x  for an R N A  w ith infinite half-life. All 
experim ental d a ta  have been norm alized  to a value o f  1.0 at 80 min 
to facilitate com parison  o f  curves
weight o f  tota l R N A  frac tiona ted  on oligo(dT)- 
cellulose. This m akes  the reasonab le  as sum ption  
that p o ly (A )+ R N A  is a c o n s tan t  p ro p o r t io n  o f  the 
mass o f  tota l R N A  th ro u g h o u t  the  pulse incubation .  
The experim ental d a ta  and  theoretical curves for 
labelling o f  R N A s  with different t0 5 values have been 
normalized to a value o f  1.0 at 80 m in to facilitate 
com parisons. It is c lear tha t  the theoretical curve 
which best fits the exper im en ta l  d a ta  is th a t  for an 
R N A  with t05 o f  50 min.
Before accepting  this es t im ate  o f  rn R N A  t0 5 , 
it is necessary to ques tion  w hether  the requ irem ent 
of labell ing from  a p recu rso r  pool o f  co n s tan t  specific 
activity was satisfied. O bviously  the pool specific 
activity is zero  at the s ta rt  o f  the  pulse and  there  m ust  
be some delay before co n s tan t  specific activity is 
reached. A test is requ ired  o f  w hether  this deviation  
from c o n s tan t  specific activity is sufficient to  m ake 
Eqn (1) inapplicable to  the labelling o f  the R N A .
F or  this test, G re en b e rg  [23] exam ined  the labelling 
of  rR N A . In this case the  t0 5 m ay  be taken  as a p ­
proaching  infinity. If, therefore,  the experim ental points 
for labelling o f  r R N A  du r in g  a pulse incubation
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Fig. 4. Theoretical curves fo r  changes in A /A  v with pulse tim e o f  
R N A s  with lialf-livcs o f  21) mill and infinity. (— - )  L abelling from  
a p recu rso r pool o f  co n stan t specific activity , calculated  from
Eqn (1) [23], (-------- ) Labelling  from  a p recu rso r pool, the specific
activity o f  w hich rose linearly from  0 to 1 d u rin g  the  first 10 min. 
then  rem ained at I for the rem ainder o f  the pulse. T he curves were 
calcu lated  from  Eqn (1) and  corrected  fo r changes in precursor 
specific activity  during  the labelling period
follow the theore tica l curve for labelling o f  an  R N A  
with t0 5 =  oo it can  be conc luded  th a t  labelling was 
from  a p recu rso r  pool o f  essentially co n s tan t  specific 
activity. Fig. 3B show s changes in the  specific activity 
o f  18-S r R N A  du r in g  a pulse incubation .  It is clear 
th a t  the  exper im en ta l  po in ts  do  fit closely the th e o ­
retical curve for  t05 =  oo. H ow ever ,  w ith  very short 
pulse tim es the  exper im en ta l  po in ts  lie a little below 
the theore tical curve. T h is  cou ld  be due to  a short 
delay before the p recu rso r  poo l reaches cons tan t 
specific activity, b u t  p a r t  o f  the d ivergence m ust be 
due to  the delay  in a p p e a ran c e  o f  18-S r R N A  while 
the r ibosom al R N A  p recu rso r  is processed to  the 
m a tu re  form s [24].
A criticism o f  the use o f  stable R N A  labelling as 
a test o f  p recu rso r-poo l c o n s tan t  specific activity is 
th a t  the labelling p a t te rn  o f  s table R N A  is relatively 
insensitive to  small changes  in specific activity o ccu r­
ring early  in the pulse. T he  labelling p a t te rn  o f  rapidly 
tu rn ing-over  R N A  is m o re  likely to  be d is to rted  by 
small early changes in specific activity. This is illu­
s tra ted  in Fig. 4, w hich show s theore tical curves for 
labelling o f  R N A s  with  20-min and  infinite half-lives, 
e i ther  from  a pool o f  c o n s tan t  specific activity, or 
f rom  a pool in which the specific activity rose for 
10 min then becam e cons tan t .  It is clear th a t  the 
in troduc t ion  o f  the chang ing  p recu rso r  specific activity 
fac tor  has  caused  less divergence between the two 
l05 =  infinity curves than  between the  tw o t05 
=  20 m in curves. T h u s  close ag reem ent between
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Fig. 5. U ptake and incorporation o f  [5 -3H ]uridine by yeast, and  
changes in acid-soluble pool radioactivity and in the rate o f uptake of 
uridine. (A) [3H]Urid ine up take  (O) and incorpora tion  ( • ) /m l  
culture lor cells grown with 20 pCi/ml [5-3H]uridine.  (B) Acid- 
soluble pool radioactiv i ty /thousand cells, calculated from (A) for 
a cell doubling  time of  150 min. (C) Changes in the rate o f  [3H]uri- 
dine up take /m l culture. D a ta  derived from (A)
th e o re tic a l an d  experim en tal labelling  d a ta  for 18-S 
rR N A  (Fig. 3B ) does no t really  prov ide ad eq u a te  
ev idence o f  an essentially  co n s tan t specific activ ity  
p rec u rso r  pool. It w as, the re fo re , necessary to  in ­
vestiga te  the p a tte rn  o f  change in specific activ ity  o f  
the p rec u rso r pool in m ore  detail. D irec t exam ina tion  
o f  changes in pool specific activ ity  du rin g  the pulse 
w as rejected , as any co m p artm e n ta lisa tio n  o f  the 
poo l, o r  the  existence o f  a 'by -pass p o o f  [25] w ould  
m ake the resu lts m eaningless fo r in te rp re tin g  ra tes o f 
R N A  synthesis.
In stead , the to ta l rad ioac tiv ity  o f  the ac id -so lub le 
poo l w as m easured , by su b trac tin g  rad ioactiv ity  in ­
c o rp o ra te d  in to  R N A  from  to ta l u p ta k e  o f  ra d io ­
ac tiv ity  (F ig . 5 A). T he ac id -so lub le pool rad ioac tiv ity  
per th o u sa n d  cells rose sharp ly  fo r the first 10 m in o f  
the pulse, then rem ained  nearly  co n s tan t for the 
rem a in d e r o f  the in cu b atio n  (Fig. 5B). E x am in atio n  
o f  the  ra te  o f  u rid ine  u p tak e  du rin g  the pulse (Fig. 5 C ) 
show ed an initially  high ra te  o f  u p tak e , w hich fell 
d u rin g  the first 20 m in. A n exponen tia l rise in the ra te  
o f  u p ta k e  ml cu ltu re , w hich is the p a tte rn  expected
Tim e  (m in )
Fig. 6. Changes in the rate o f  incorporation o f  [5-3H ]uridine into 
R N A  (A )  and calculated changes in specific activity o f  the precursor 
poo / (B )  during a pulse incubation. Rates o f  incorpora tion  were
derived from Fig. 5A. (--------) Shows the extrapola t ion  o f  the
exponential rise in incorpora tion  rate. Pool specific activity was 
calculated from the incorpora tion  ra te da ta ,  as the exper imentally 
determined ra te o f  incorpora tion  divided by the level o f  the expo­
nential line o r  its extrapolat ion  at that  time
in an  exponen tia lly  g row ing  cu ltu re , d id  n o t co m ­
m ence un til 30 m in. T h e  in itially  high ra te  o f  u rid ine  
u p ta k e  is co n sis ten t w ith  an  expansion  o f  the u rid ine  
an d  co n n ected  poo ls w hen cells are  supp lied  w ith 
exogenous u rid ine . U n d e r these co n d itio n s  the specific 
ac tiv ity  o f  the p rec u rso r  poo l w ou ld  a p p ro a c h  a co n ­
s ta n t value faste r th a n  w ould  the  to ta l rad ioac tiv ity  
o f  the poo l (Fig. 5B ). T hese d a ta  m erely suggest 
th a t the p rec u rso r  pool qu ick ly  a tta in ed  co n s tan t 
specific activ ity , an d  confirm  th a t no  d ep le tion  o f 
iso tope  occu rred  to w ard s  the  end o f  the pulse. T hey 
do  n o t estab lish  w hen c o n s ta n t specific activ ity  was 
reached , o r  perm it ca lcu la tio n  o f  rn R N A  labelling  
curves based  on the p a tte rn  o f  p rec u rso r  specific 
activ ity .
A n a lte rn a tiv e  ap p ro a ch  to  s tudy  o f  the specific 
ac tiv ity  o f  th e  im m edia te  p rec u rso r  poo l is to  consider 
changes in the ra te  o f  in c o rp o ra tio n  o f  rad ioactiv ity  
in to  R N A . W hen th is rises exponen tia lly  in an 
exponen tia lly  g row ing  cu ltu re , the p rec u rso r specific 
activ ity  has becom e c o n s tan t. F u rth e rm o re , by ex­
am in ing  R N A  labelling , e rro rs  arising  from  pool 
c o m p artm e n ta lisa tio n  an d  ‘by-pass p o o ls ’ a re  avoided. 
F ig. 6 A show s th a t the ra te  o f  in c o rp o ra tio n  of 
u rid ine  in to  R N A  becam e linear, on  a logarithm ic 
p lo t, a t 7.5 m in. T h e  slope o f  the line co rresp o n d s  to 
a  d o u b lin g  in the ra te  o f  in c o rp o ra tio n  over one cell- 
g enera tion  tim e. T he s tra ig h t line w as ex trap o la ted  
to  zero  tim e, an d  p rec u rso r specific ac tiv ity  was
R. S. S. Fraser 483
Fig. 7. Determination o f  the half-life o f  po ly  ( A ) *  R N A  by  labelling 
fro m  u precursor poo l o f  changing specific activity. (A) Experimentally 
determined changes in po ly(A )+ R N A  specific activity with length 
of  pulse (data from Fig. 3 A). The con t inuous  lines show theoretical  
curves for changes in A /A x o f  R N A s  with half-lives o f  20. 35, 50 
and 80 min, labelled from a  precursor  pool having the pattern of  
changing specific activity shown in Fig. 6B
expressed as the m easu red  ra te  o f  in c o rp o ra tio n  
divided by the level o f  the s tra ig h t line a t th a t tim e 
(Fig. 6 B).
It is now  possib le  to  ca lcu la te  th eo re tica l curves 
for labelling o f  R N A s from  a p rec u rso r  poo l show ing 
this p a tte rn  o f  change  in specific ac tiv ity ; these are 
com pared  w ith experim en ta l d a ta  for labelling  o f  
po ly (A )+ R N A  in Fig. 7. F ro m  10 m in , all the 
experim ental p o in ts  lie betw een the th eo re tica l curves 
for 35-m in and  50-m in half-lives, ind ica ting  a t05 
o f 40 —45 m in fo r the p o ly (A )i' R N A . T h is is slightly  
shorter th an  the  50 m in estim ated  from  th eo re tica l 
curves un co rrec ted  for changes in p rec u rso r specific 
activity (Fig. 3A ). In the first 10 m in o f  the pulse 
(Fig. 7), the experim en tal p o in ts  fell on the theo re tical 
line for t0 5 =  20 m in. A possib le ex p lan a tio n  o f  this 
is th a t the p o ly (A )+ R N A  consists o f  tw o p o p u la ­
tions, a sm all, rap id ly  tu rn in g  over one an d  a la rger 
one tu rn in g  over m ore  slowly. T he sm all p o p u la tio n  
will acco u n t fo r m ost o f  the labelling  w ith in  very 
short pulse lim es, th e  la rger p o p u la tio n  will acco u n t 
for p ro p o rtio n a lly  m ore o f  the labelling  w ith increasing 
pulse tim es. F u rth e r  su p p o rt fo r th is ex p lan a tio n  
will be p resen ted  below .
M easurem ent o f  P o ly  ( A ) + R N A  H a lf-L ife  Using 
an Inhibitor o f  R N A  Syn thesis
Cells w ere in cu b ated  fo r 8 m in o r  30 m in w ith 
[3H ]urid ine , then  tran sfe rred  to  n o n -rad io ac tiv e  ‘chase’ 
m edium  co n ta in in g  8-hyd ro x y q u in o lin e , an  in h ib ito r
Fig. 8. Changes in specific activity  o f  (A )  p o ly (A )~  R N A  and (B )  
p o ly (A )*  R N A  during a non-radioactive chase incubation with 
8-hydroxy quinoline. Cells were labelled with 6.25 pCi/nil  [5-3H]uri- 
dine for 8 min ( • .  O) o r  30 min (A.  A) then resuspended (time 0) 
in non-radioactive culture medium  contain ing 100 pg/ml unlabelled 
uridine and 50 pg/ml 8-hydroxyquinoline. Changes in specific 
activity during  the chase are  expressed per  100 pg total R N A  
frac tionated on oligo(dT)-cellulose. Each point is the mean of  3 
(A.  • .  A) or  4 (O) determinations. The s tandard  error  o f  the mean 
is shown by vertical bars  for points (O). The linear  regression 
coefficient for the logari thm o f  po ly(A )+ R N A  specific activity 
on time for points shown (A) is —0.983
o f  R N A  synthesis. E x p la n a tio n s  o f  the  m ode o f  
ac tio n  o f  8-h y d ro x y q u in o lin e , an d  evidence fo r its 
selectivity  as an  in h ib ito r  o f  R N A  synthesis in yeast 
a re  given elsew here [2,13], R N A  w as p rep a re d  from  
cells a fte r v ario u s leng ths o f  chase in cu b a tio n . D uring  
the  chase , no  fu rth e r  in c o rp o ra tio n  o f  rad ioac tiv ity  
in to  the p o ly (A )-  R N A  w as d e tec tab le  (F ig . 8 A). 
T he p o ly (A )-  R N A  consists  m ain ly  o f  stab le  tR N A  
an d  rR N A  (F ig . 2 A). Its rela tively  c o n s ta n t specific 
activ ity  d u rin g  the chase  confirm s the  effectiveness 
o f  8-hy d ro x y q u in o lin e  an d  resuspension  in n o n ­
rad io ac tiv e  m ed ium  in s to p p in g  fu rth e r  R N A  syn the­
sis.
T he t0 5 o f  p o ly (A )+ R N A  w as fo u n d  from  the 
ra te  o f  loss o f  rad io ac tiv ity  from  th is fraction  du ring  
th e  chase (Fig. 8 B). A fter a 30-m in pulse in cu b atio n , 
th e  decay o f  p o ly (A )+ R N A  rad io ac tiv ity  follow ed 
firs t-o rd er-ty p e  k inetics, w ith  a t0 5 o f  50 m in. This 
value is in good  ag reem en t w ith  the es tim ate  o f  40 — 
45 m in from  the labelling  stud ies (F ig. 7).
T he se d im en ta tio n  profile o f  the p o ly (A )+ R N A  
rem ain ing  a fte r 150 m in  chase  w ith  8-h y d roxyqu ino - 
line is show n in Fig. 2B . T h e  rad io ac tiv ity  is poly-
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Fig. 9. Changes in the rale o f  to ta l protein synthesis after addition 
o f  8-hydroxyquinolm e to yeast cultures. Cells were resuspended in 
m edium  con ta in ing  100 pg/ml uridine (□) or  100pg/m l uridine 
and  50 pg/ml 8-hydroxyquinoline (■). The ra te o f  protein synthesis 
was measured at various times af ter  resuspension by incubating 
1-ml samples o f  culture for 4 min with 10 pCi [3H]leucine (specific 
activity adjusted to 10 pCi/pg with non-radioactive leucine)
d isperse , from  6 S to  over 30 S. T his resu lt excludes 
the  possib ility  th a t  any significant am o u n t o f  the poly- 
ad e n y la ted  R N A  w hich persis ted  d u rin g  th e  chase 
w as p resen t as b ro k en -d o w n  fragm en ts  o f  m R N A . 
A slight sh o rten in g  o f  the average length  o f  the poly(A ) 
sequence w as found  to  occu r d u rin g  the chase in cu b a­
tio n  w ith 8-hyd roxyqu ino line  (R . S. S. F ra se r , un ­
pub lished  results). H ow ever, th is  decrease w as to o  
sm all to  cause  any  significant red u c tio n  in b ind ing  
o f  p o ly (A )+ R N A  to  o ligo(dT )-cellu lose, an d  can n o t 
have affected the half-life ca lcu la tion .
As a check on the ex ten t to  w hich syn thesis o f  
p o ly (A )+ R N A  d u rin g  the 8-h y d roxyqu ino line  chase 
m ight have co n trib u ted  to  the to ta l rad io ac tiv ity  o f  
the p o ly (A )+ R N A  presen t, n o n -rad io ac tiv e  cells 
w ere co llected  and  resuspended  in chase m edium  
c o n ta in in g  8-hyd roxyqu ino line . F ro m  120— 150 m in 
o f  the chase , [3H ]u rid in e  w as added  and  R N A  was 
ex trac ted  a t 150 m in. F ig  2B  show s th a t no  significant 
in c o rp o ra tio n  o f  rad ioactiv ity  in to  the  poly(A ) + 
R N A  w as detectab le.
W hen the decay o f  p o ly (A )+ R N A  rad ioac tiv ity  
d u rin g  an  8-hyd roxyqu ino line  chase w as exam ined  
in cells prev iously  exposed to  an  8-m in pulse o f  [3H ]- 
u rid ine , the decay curve did no t show  sim ple first- 
o rd e r-ty p e  kinetics (Fig. 8 B). Instead , the re  w as a 
very rap id  loss o f  rad ioactiv ity  in the first 5 m in o f  
the chase. T herea fte r, the poIy(A ) + R N A  ra d io ­
ac tiv ity  decreased  at a slow er ra te , co rresp o n d in g  
to  a t0 5 o f  50 m in. These d a ta  confirm  the suggestion  
aris in g  from  Fig. 7, th a t the p o ly (A )+ R N A  o f  the 
cells consists  o f  tw o p o p u la tio n s . A fter a pulse o f  
30 m in . m ost o f  the rad ioac tiv ity  shou ld  be in the 
larger, longer-/,, 5 p o p u la tio n , an d  the decay kinetics
will reflect loss o f  rad io ac tiv ity  from  th is p o p u la tio n . 
W ith  the sh o r te r  pulse tim e, m ore  o f  the rad io ac tiv ity  
shou ld  be in the sm all, sh o r t-/0 5 p o p u la tio n , an d  the 
decay  kinetics will reflect loss o f  rad io ac tiv ity  from  
b o th  p o p u la tio n s.
T here  has recen tly  been a rep o rt th a t m am m alian  
cells also  c o n ta in  a sm all, rap id ly  tu rn in g -o v er p o p u la ­
tion  o f  p o ly (A )+ R N A , an d  a la rger p o p u la tio n  w ith 
m uch longer average /„ 5 [26].
T he possib ility  c a n n o t be excluded th a t the  rap id ly  
tu rn in g -o v e r frac tio n  o f  yeast p o ly (A )+ R N A  is not 
a se p ara te  g ro u p  o f  m olecules, b u t consists  o f  rap id ly  
deg rad ed  segm ents o f  the longer-lived  type o f  po ly(A ) + 
R N A . T h is cou ld  occu r in the rap id  processing  o f  
m R N A  p recu rso rs  to  sm aller, m ore  stab le  m atu re  
m R N A s. S h iokaw a an d  P ogo  [19] rep o rted  th a t 
b u d d in g  yeast n u c lea r p o ly (A )+ R N A  is a b o u t 10%  
larger th a n  th e  cy top lasm ic  p o ly (A )+ R N A .
Changes in the R a te  o f  P rotein  Syn thesis  
a fter Inhibition o f  R N A  Synthesis
C hanges in the ra te  o f  p ro te in  syn thesis were 
fo llow ed a fte r  resu sp en d in g  cells in n o rm a l cu ltu re  
m ed ium  o r in m ed ium  co n ta in in g  8-hyd roxyqu ino line  
to  inh ib it R N A  synthesis. C o n tro l cu ltu res  show ed an 
ex ponen tia l rise in th e  ra te  o f  p ro te in  synthesis 
(Fig. 9). In cu ltu res  trea ted  w ith  8-h y d roxyqu ino line  
a co n sis ten t p a tte rn  o f  changes w as observed  in 
rep lica te  experim en ts. F o r  the first 40 —50 m in afte r 
resuspension , the  ra te  o f  p ro te in  syn thesis decayed 
rap id ly . T h e  decay  curve d id  n o t show  sim ple first- 
o rd er-ty p e  k ine tics ; th e  /05 varied  betw een  12 m in 
an d  20 m in. By 50 m in  a fte r resuspension  the  rate  
had  fallen to  a b o u t 5 % o f  the co n tro l value. H ow ever, 
a t 50 —60 m in , th e re  w as a rep ro d u c ib le  rise in the 
ra te  o f  p ro te in  syn thesis. T h erea fte r, the  ra te  in 
hy d ro x y q u in o lin e -trea ted  cells w as s teady  o r rose 
very slowly.
In the ac co m p an y in g  p ap e r  C re a n o r  et ah [27] 
describe changes in the  activ ities o f  ce rta in  enzym es 
afte r a d d itio n  o f  8-hy d ro x y q u in o lin e  to  fission yeast 
cu ltu res. T hese  changes in enzym e ac tiv ity  a re  co n ­
sisten t w ith  th e  v ario u s  effects o f  8-hyd roxyqu ino line  
on  th e  ra te  o f  to ta l p ro te in  synthesis. T he increase in 
ac tiv ity  o f  certa in  enzym es, such as derepressed  acid 
p h o sp h a ta se  o r  hexok inase , is rap id ly  inh ib ited  afte r 
ad d itio n  o f  8-h y d ro x y q u in o lin e ; th is para lle ls  the 
rap id  fall in the  ra te  o f  to ta l p ro te in  syn thesis in the 
first 40 m in afte r a d d itio n  o f  8-hyd roxyqu ino line  
(Fig. 9). W ith  basal sucrase  an d  m altase , C rea n o r 
et al. [27] found  th a t the activ ities rem ained  the sam e 
as in co n tro l cu ltu res  fo r a b o u t 60 m in a fte r  add ition  
o f  8-h y d ro x y q u in o lin e , an d  then  increased  m ore 
rap id ly  th an  in co n tro l cu ltu res. T h e  com m encem ent 
o f  th is ‘su p e rp ro d u c tio n ' o f  enzym e, w hich depended  
on  p ro te in  synthesis ra th e r  th an  on  ac tiv a tio n  o f
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existing enzym e [27] co incided  w ith  th e  rise in the ra te  
o f  to ta l p ro te in  syn thesis found  a t 50 — 60 m in (F ig . 9).
It shou ld  be no ted  th a t in no case has any  recovery 
in the ra te  o f  R N A  synthesis been found  in cells afte r 
long exposure to  8-hyd roxyqu ino line . T h erefo re  the 
rise in the ra te  o f  to ta l p ro te in  synthesis a f te r  50 — 
60 min (Fig. 9) an d  the onse t o f  ‘su p e rp ro d u c tio n ’ o f  
p articu la r enzym es c a n n o t be explained  by a re laxa­
tion o f  the in h ib itio n  o f  m R N A  synthesis.
T he ab ility  o f  cells to  increase the ra te  o f  to ta l 
protein  synthesis a fte r 50 — 60 m in , an d  to  synthesise 
large am o u n ts  o f  sucrase a fte r th is tim e [27] serves 
as an in te rna l co n tro l ind ica ting  th a t  the rap id  in ­
hibition  o f  to ta l p ro te in  syn thesis a fte r a d d itio n  o f  
8-hyd roxyqu ino line  (F ig . 9) w as n o t caused  by any 
direct effect o f  8-hy d ro x y q u in o lin e  on p ro te in  syn­
thesis.
Suggested M echan ism s fo r  C ontrol 
o f  Protein Syn thesis
T he effects o f  8-hy d ro x y q u in o lin e  on m R N A  
decay, to ta l p ro te in  syn thesis and  enzym e synthesis 
[27] suggest th a t the re  m ay be m echan ism s for 
contro l o f  p ro te in  syn thesis o p era tin g  a t the  tra n s ­
lational level in fission yeast. It is c lea r th a t the ra te  
o f p ro te in  syn thesis (F ig. 9) declines m uch faster 
than  the p resum ed  m R N A  co n ten t o f  the cell (F ig . 8 B) 
after ad d itio n  o f  8-hyd roxyqu ino line . A  sim ilar effect 
has been found  in m am m alian  cells a f te r  a d d itio n  o f  
actinom ycin  D [23,28,29]. S inger an d  P enm an  [28] 
postu la ted  th a t syn thesis o f  an unstab le  R N A , w hich 
is sensitive to  ac tinom ycin  D , is req u ired  fo r tra n s la ­
tion o f  the relatively  stab le  m R N A . C learly  such a 
m echanism  o f  tra n s la tio n a l co n tro l w ould  also  ac ­
count fo r the effects o f  8-h y d roxyqu ino line  on yeast 
pro tein  synthesis an d  m R N A  tu rn o v er. Sm all R N A  
m olecules, w hich m ay ac t as p ro m o te rs  o f  tran s la tio n , 
have been rep o rted  in m am m alian  cells [30,31].
A m echan ism  o f  co n tro l o p era tin g  a t the tra n s ­
lational level m ay  also  be p o stu la ted  to  exp lain  the 
rise in the ra te  o f  p ro te in  syn thesis a fte r 50 — 60 m in 
8-hyd roxyqu ino line  trea tm e n t (Fig. 9) an d  the sim ul­
taneous onset o f  ‘su p e rp ro d u c tio n ’ o f  basal sucrase 
and m altase [27], T his m echanism  involves e ither an 
unstable co n tro l R N A , o r an  unstab le  co n tro l p ro te in  
produced  from  an  un stab le  R N A . T he m echanism  
envisages a poo l o f  the co n tro l m olecule in no rm al 
cells, w hich p reven ts tran s la tio n  o f  som e o f  the 
messenger. O n a d d itio n  o f  the 8-hyd roxyqu ino line  
the in h ib ito r poo l begins to  decay, until a f te r  50 — 
60 m in there is insufficient to  inh ib it tran s la tio n  o f 
these co m p ara tiv e ly  stab le m R N A s, an d  p ro te in  
synthesis rises, an d  ‘su p e rp ro d u c tio n ' o f  sucrase and  
m altase begins. T he fact th a t  th e re  is only  a sm all 
rise in the ra te  o f  to ta l p ro te in  syn thesis a t 5 0 —60 m in 
suggests th a t the am o u n t o f  m R N A  u nder such tra n s ­
la tio n a l co n tro l m ay  be a sm all p e rcen tage  o f  the to ta l. 
F u rth e rm o re , the o b se rv a tio n  by C re a n o r  et al. [27] 
th a t basal sucrase an d  m altase  w ere ‘su p e rp ro d u ce d ’, 
w hereas six o th e r  enzym e system s tested  d id  no t show  
‘su p e rp ro d u c tio n ’, suggests th a t th is  p ro p o sed  m ech­
anism  fo r inh ib ition  o f  tra n s la tio n  is specific for 
p a rticu la r  m R N A s. T here  a re  m any  rep o rts  o f  factors, 
b o th  R N A  an d  p ro te in , w hich a p p e a r  to  inh ib it 
tran s la tio n  o f  p a r tic u la r  types o f  m R N A  in m a m m a­
lian cells [31 — 37].
Conclusion
T he experim en ts d escribed  have show n, by tw o 
in d ep en d en t m e th o d s, th a t in fission yeast the average 
half-life o f  the  p o ly (A )+ R N A  is 40 —50 m in. T here  
is p ro b ab ly  also  a m in o r frac tio n  o f  p o ly (A )+ R N A  
w hich tu rn s  over m ore  rap id ly . T he p o ly (A )+ R N A  
p ro b ab ly  rep resen ts a m a jo r fra c tio n  o f  cellu lar 
m R N A . T he t0 5 value o f  40 — 50 m in is considerab ly  
longer th a n  yeast m R N A  t05 values derived  ind irectly  
by fo llow ing the  decay  o f  p ro te in  syn thesis [1, 2 ] o r 
po ly rib o so m es [3 — 5] a fte r in h ib itio n  o f  R N A  syn­
thesis.
T he m R N A  frac tion  s tud ied  in th is  investiga tion  
w as p rep a re d  from  to ta l cell R N A ; the  p ic tu re  o f  
m R N A  stab ility  gained  is th u s an  overa ll one, an d  is 
likely to  include p recu rso rs  to  m R N A . It will be 
in te resting  to  s tudy  th e  decay  o f  p o ly (A )+ R N A  in 
subcellu lar frac tio n s a f te r  8-h y d ro x y q u in o lin e  tre a t­
m en t, to  d iscover w h e th e r the p o ly (A )+ R N A  w hich 
persists a f te r  the decay o f  p ro te in  synthesis is presen t 
as p recu rso r-ty p e  m R N A  in the nucleus, o r  in som e 
‘s to re d ’ form  in the cy top lasm . S h io k aw a an d  P ogo 
[19] fo u n d  in b u d d in g  yeast th a t p o ly (A )+ R N A  
accu m u la ted  in th e  nucleus afte r in h ib itio n  o f  in itia ­
tion  o f  p ro te in  synthesis.
C o m p ariso n  o f  the ra te  o f  tu rn o v e r o f  poly(A ) + 
R N A , th e  changes in ra te  o f  p ro te in  syn thesis afte r 
a d d itio n  o f  8-h y d ro x y q u in o lin e , an d  the effects o f  
8-hy d ro x y q u in o lin e  on  enzym e synthesis rep o rted  by 
C re a n o r et al. [27] strong ly  suggest th a t m uch o f  the 
yeast p ro te in  synthesis m ay be u n d e r tran s la tio n a l 
co n tro l. F u rth e rm o re , th e re  ap p e a r  to  be tw o types 
o f  tra n s la tio n a l co n tro l m echan ism , one p ro m o tin g  
tran s la tio n , the o th e r  in h ib itin g  tra n s la tio n , p ro b ab ly  
o f  specific m R N A s. T hese d a ta  do  no t exclude the 
possib ility  th a t syn thesis o f  som e p ro te in s  cou ld  be 
regu la ted  solely a t the tra n sc rip tio n a l level.
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The rates of ribosomal and polyadenylated messenger RN A  synthesis were 
m easured through the  cell cycle of the budding yeast Saccharomyces cerevisiae.
An exponentially growing culture was pulse-labelled w ith [2-3H ]adenine for 0-1 
generation tim e, then  fractionated  according to  cell volume by  zonal cen tri­
fugation. A control experim ent w ith a  synchronously dividing culture showed th a t 
zonal fractionation corresponded to  a fractionation by stage in the cell cycle.
Nucleic acids -were ex tracted  from each fraction of the cell cycle from  the 
zonal rotor, and DNA, ribosomal and polyadenylated messenger RNAs were 
isolated. DNA synthesis occurred betw een 0-4 and 0-8 of the cell cycle as frac­
tionated on the zonal rotor. The ra te  of ribosomal RN A  synthesis per cell was 
constant during G it, doubled early in  the period of DNA synthesis, then  re ­
mained constant a t  the new level for the rem ainder of the cell cycle. The ra te  of 
processing of ribosomal RN A  precursors to  m ature ribosom al RNAs declined a t 
the tim e of the increase in rate  of ribosomal RN A  synthesis, b u t recovered later 
in the cycle. This could m ean th a t  the pool of ribosomal proteins is small, and th a t 
the ra te  of ribosomal protein synthesis increases la ter in the cell cycle th an  the 
rate of ribosomal RN A  synthesis. The ra te  of synthesis of polyadenylated 
messenger RN A  was constan t during Gi and the earliest p a r t  of the period of 
DNA synthesis, then  doubled over the rem ainder of the period of DNA synthesis. 
After DNA synthesis, the ra te  of polyadenylated messenger RN A  synthesis 
rem ained steady for the rem ainder of the cell cycle.
I t  is suggested th a t  gene num ber controls the rates of ribosomal and  messenger 
RNA synthesis. W hen the num ber of genes doubles during the DNA synthesis 
period, the am ount of transcrip tion  also quickly doubles. R epeat experim ents 
suggested th a t the genes coding for ribosomal R N A  are reproducibly replicated 
earlier, and  over a shorter proportion of the DNA replication period th an  the 
genes coding for messenger RNAs. I t  is calculated th a t a m inim um  of 625 genes 
coding for messenger RN A  per haploid genome, transcribed a t  the  m axim um  
rate throughout the cell cycle, would be required to  give the observed cell-cycle 
pa tte rn  of messenger RN A  synthesis.
The to ta l content of polyadenylated messenger R N A  of cells a t  different stages 
of the cell cycle was m easured by the form ation of ribonuclease-resistant com ­
plexes between polyadenylic acid sequences in to ta l RN A  from  non-radioactive 
yeast and [3H]polyuridylic acid. The am ount of polyadenylated messenger 
RNA per cell rose after the doubling of the rate  of polyadenylated messenger RNA 
synthesis, and by  the end of the cell cycle was twice the level a t  the beginning of 
the cycle.
t  Present address: Departm ent of Genetics, Trinity College, University o f Dublin, Dublin, 
Ireland.
i  Abbreviations used: G1; part o f interphase preceding DNA synthesis; S, part o f interphase 
during which DN A  synthesis occurs; butyl B P D , 2-(4'-teri-butylphenyl)-5-(4"-biphenylyl)-l,3,4- 
oxadiazole; oligo(dT), oligodeoxythym idylic acid.
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The cell-cycle p a tte rn s  of messenger and ribosomal RNA synthesis are d is­
cussed in relation to  the  control of balanced growth and doubling of all cellular 
com ponents during the cell cycle, and in relation to known p a tte rn s  of enzyme 
ac tiv ity  during the cell cycle of budding yeast.
1. Introduction
T he cell cycle o f eu k a ry o tic  cells in exponen tia l g row th  involves th e  doubling  o f the 
D X A  an d  of all o th e r cellular com ponents to  p roduce tw o d au g h te r  cells iden tical to  
th e  p aren t. T he m echanism s by  which th e  dup lica tion  of cellu lar com ponen ts is 
co -o rd inated  to  produce th is  balanced g row th  are no t understood . I t  is likely, how ever, 
th a t  th e  doubling  of gene nu m b er du ring  D X A  rep lication  m ay p lay  a p a r t  in con­
tro lling  th e  doubling  of a t  least som e o th e r cellu lar com ponents. F o r  th is  reason, 
i t  is o f in te re s t to  exam ine th e  p a t te rn  of gene a c tiv ity  th ro u g h  th e  cell cycle by 
following changes in th e  r a te  of R X A  synthesis
P rev ious investiga tions w ith  eukaryo tes have been concerned w ith  e ith e r to ta l 
(Pfeiffer & Tolm ach. 19(18: W ain  & S ta a tz , 1973). or ribosom al R X A  synthesis 
ra te s . C ontrol o f th e  ra te  o f rR X A  syn thesis by  th e  n u m b er of rR N A  genes p resen t is 
suggested by  som e reports  (Pfeiffer. 19(38: K levecz & S tubblefield . 1967). Such resu lts 
prov ide th e  basis for a sim ple m odel exp lain ing  th e  doubling  of th e  ribosom al p o p u la­
tio n  during  th e  cell cycle in  exponen tia l g row th . H ow ever, o th e r rep o rts  have des­
cribed s itu a tio n s w here th e re  is no d irec t fink betw een gene num ber an d  th e  ra te  of 
rR X A  syn thesis (Scharff & R obbins, 1965: E nger & Tobev, 1969: F ra se r  & Loening,
1974).
T he s tu d y  of changes in ac tiv ity  of th e  genes coding for p ro te in s has been ind irect, 
by  following changes in th e  ac tiv itie s  o f enzym es du ring  th e  cell cycle. H ow ever, the  
recen t d iscovery  th a t  m any  eu karyo tic  m essenger R X A s con ta in  a po lyadenylic  acid 
sequence (D arnell et al., 1971: E dm onds el al., 1971; Lee et al.. 1971: M cLaughlin  el al., 
1973) and  th e  developm ent o f m ethods for th e  sep ara tio n  o f p o ly ad en y la ted  m R X A  
from  to ta l R X A  (E dm onds & C aram ela, 1969: E dm onds et cil.. 1971) have  m ade  it 
possible to  s tu d y  th e  ra te  o f syn thesis  o f a m essenger R X A  frac tion  d irec tly . In  th is 
p aper we rep o rt an  investiga tion  o f th e  ra te s  o f ribosom al an d  m essenger R X A  
synthesis du ring  th e  cell cycle o f budd ing  veast.
I n  th e  p as t, m ost cell-cycle s tud ies have been m ade using synchronous cu ltures. 
H ow ever, m any  o f th e  techn iques used to  o b ta in  synchronous cu ltu res from  exponen ­
tia lly  grow ing cells m ay  affect th e  p roperties o f cells du rin g  subsequen t g row th . To 
avoid  th e  possib ility  of a r tifa c ts  in troduced  by synch ron ization , we h av e  iso lated  cells 
a t  d iscre te  stages of th e  cell cycle d irec tly  from  an  exponen tia l cu ltu re  by zonal 
cen trifugation  (C arter el al., 1971: S ebastian  et al., 1971). F ra c tio n a tio n  o f th e  cell 
cycle by  zonal cen trifugation  has th e  fu rth e r  ad v an tag es th a t  v ery  large num bers of 
cells can  be hand led , an d  th a t  R X A  m ay  be labelled by  app ly ing  a single pulse of 
rad ioactive  p recurso r to  an  u n p e r tu rb e d  exponen tia l cu ltu re  before frac tio n a tio n .
2. Materials and Methods
(a) Yeast and culture conditions 
The yeast used was Saccharomyces cerevisiae strain  Y185, w ith genetic m arkers
ct ade2 liiso his8
a +  +  +
R N A  S Y N T H E S I S  D U R I N G  T H E  Y E A S T  C E L L  C Y C L E
The strain is sucrose negative, which minimizes any possible cellular m etabolism  during 
zonal centrifugation on a sucrose gradient. One-litre cultures were grown in flasks a t 
32°C in yeast extract/peptone/glucose m edium  ( 1 % :2% :2%) 011 a ro tary  incubator a t 2 2 0  
revs/min. The m ean generation tim e was 1-7 h.
For radioactive labelling of nucleic acids, exponential cultures ( l x l 0 7 cells.m l-1 ) were 
incubated for 10 min w ith 16 /tCi [2-3H ]adenine/m l (Radiochemical Centre, Amersham, 
U.K.; spec. act. 15-5 Ci.m m ol-1 ). Incorporation was stopped by addition  of crushed ice, 
and the colls were collected by centrifugation a t  2 0 0 0  g for 5 min a t  0°C.
( b ) Cel!-cycle fractionation
Harvested cells ( IO10) were resuspended in 30 ml yeast extract/peptone/glucose m edium  
a t 0°C, and fractionated according to  size by zonal centrifugation (Carter et al., 1971; 
Halvorson et al., 1971) 011 a  15% to 40%  sucrose gradient in  the M.S.E. type A zonal 
rotor, pre-cooled to  4°C. The ro tor was run at 600 revs/m in during loading and unloading 
and a t 2000 revs/m in to  separate the cells. U nloading was begun after abou t 10 min a t 
2 0 0 0  revs/min when the largest cells had m igrated abou t § of the distance to the edge of 
the rotor. 40% sucrose solution was pum ped into the outer edge of the ro tor to  displace 
the gradient tow ards the centre and 10-inl fractions of the gradient were collected. The 
cells in each fraction were sedim ented a t 2 0 0 0  g for 5 min a t 0°C, then  resuspended in 
5 ml ice-cold extraction  medium (2% sodium triisopropylnaphthalene sulphonate, 
50 mM-Tris-HCl (pH 7-8); 10 mM-NaCl). 0-1 ml of the suspension was diluted w ith 0-9% 
NaC'l, and cell num ber, volume distribution and mean cell volume were determ ined in the 
Coulter Electronic cell counter. F ractionation  on the  zonal ro tor and resuspension in 
extraction medium  did not affect cell num ber or m ean cell volume.
The percentage of cells w ith buds was found by microscopic exam ination of 200 cells 
from fractions from the zonal rotor.
Synchronous cultures were prepared from  exponential cultures by the m ethod of 
Mitchison & Vincent (1965). Mean cell volume was determ ined on samples taken  at intervals 
during the cell cycle.
(e) Measurement of \ ‘H]adenine uptake
Three 50-gl samples of the suspension of yeast cells in ex traction  m edium  were dried 
on  20-inm squares of W hatm an OF/A glass fibre paper, and counted in 5 m l 0-5% butyl 
PBD/toluene scintillator in a P ackard  liquid scintillation counter. The rem ainder of the 
cell suspension was frozen and  stored a t — 2 0 °C.
(d) Extraction of nucleic acids 
The frozen yeast suspension was thaw ed at. 0°C. 2 g of glass beads (40 mesh) were 
added and the cells were broken in a Vibrom ixer (Shandon Scientific, London, U .K .) by 
5 min agitation at. m axim um  setting. The tem perature of the hom ogenate was brought 
to 20°C. An equal volume of phenol m ixture (phenol, 1000 g; redistilled m-cresol, 200 m l; 
8 -hvdroxyquinoline, 1 g; chloroform, 300 m l; w ater, 200 ml) was added and the m ix ture 
was shaken for 0 min. The aqueous and organic phases were separated  by centrifugation 
at. 2000 g for 5 min. The organic phase was re-extracted w ith  a fu rther 2 ml of extraction 
medium, then the 2  aqueous phases were com bined and ex tracted  twice more w ith equal 
volumes of phenol m ixture lacking chloroform. Nucleic acids wore precip ita ted  from  the 
final aqueous phase by addition of N a d  to  0-3 m and 2-5 vol. ethanol, and storage for 
12 h a t 0°C.
The precipitated nucleic acids were sedim ented a t 2000 g for o min. Three 20-gl samples 
of the supernatan t were dried on 20-mm squares of W hatm an GF/A and counted in bu ty l 
PBD/toluene scintillator as above, to  give an estim ate of the radioactiv ity  of the alcohol- 
soluble pool.
I’he nucleic acids were fu rther purified by dissolving in 4 ml 0-5% sodium  dodecyl 
sulphate, 015  M-sodium acetate  (pH 6-0) and reprecipitating with 2-5 vol. ethanol at 
15
0°C for 12 li. A fter 3 such cycles of reprecipitation, the  nucleic acids were stored as a sus­
pension in  80% ethanol, 0-1% sodium dodecyl sulphate, 0-03 M-sodium acetate  (pH 6-0), 
a t  2°C.
(e) Determination of yield of B N  A
A portion of the  nucleic acid suspension was sedim ented and  hydrolysed in 0-5 m-HC104 
a t 70°C for 20 min. The u ltrav io let absorption spectrum  of the hydrolysate was m easured 
in the U nicam  SP800 recording spectrophotom eter. The RN A  concentration of the 
ex trac t was calculated using a m olar absorption coefficient of 12,400 M- 1 .cm -1 , calculated 
for a solution of equal m olar quantities of the 4 ribonucleotides a t  acid pH . DNA, which 
was also present in the ex tract, is only 1 % of to ta l nucleic acid in S . cerevisiae, and thus 
did no t interfere significantly w ith  th is assay of to ta l RN A  content. Control experim ents 
showed th a t  the  yield of RN A  by  the  Y ibrom ixer-phenol ex traction  m ethod was around 
90% of the to ta l RN A  content of the yeast.
(f) Polyacrylamide gel electrophoresis
Nucleic acids were fractionated on 6 -mm diam eter, 70-nnn long polyacrylam ide gels 
as described by Loening (1967). The gels had  final concentrations equivalent to  2-4% 
acrylam ide and 0-12% bis-acrylamide. Electrophoresis was for 2-5 h  a t  5 mA per gel, 
8  V per cm gel length. The gels were scanned for absorbance a t  265 nm  in a Joyce-Loebl 
gel scanner, frozen in solid C 02, then  cu t transversely in to  0-5-mm slices. E ach slice was 
incubated  w ith 0-3 ml 0-5 m-HC104 for 20 m in a t 70°C. 7 m l scintillator (0-5% bu ty l PB D ; 
40%  2-m ethoxyethanol; 60% toluene) were added and radioactiv ity  was determ ined by 
scintillation counting.
(g) Determination of D N A  per cell and D N A  specific activity
Between 50 and 150 yg ex tracted  to ta l nucleic acid was dissolved in 0-1 ml 0-15 M-NaCl, 
0-015 M-sodium citrate  (pH 6-0), and digested w ith  10 yg  pancreatic ribonuclease/ml 
(EC 2.7.7.16) a t  0°C for 10 min. Sodium dodecyl sulphate was added to  0-2%, and  the 
samples were fractionated by polyacrylam ide gel electrophoresis. F igure 1 shows the 
u ltrav io let absorption and rad ioactiv ity  profile of a typical gel. DNA was detectable as 
a sharp peak near the top  of the gel; the broken-down fragm ents of R N A  m igrated  much 
more rapidly.
The weight of DNA on the gel was calculated from  the peak area of the DNA u ltra ­
violet absorption peak. Peak area is linearly proportional to  th e  w eight of nucleic acid 
in the peak (Fraser, 1971). The to ta l radioactiv ity  of the DNA was found by  adding 
the radioactivities of the gel slices m aking up the  DNA rad ioactiv ity  peak. The specific 
activ ity  of the DNA was calculated by  dividing rad ioactiv ity  by  the u ltrav io let absorption 
peak area.
D ouble-stranded viral RN A  (Bevan et al., 1973) is found in th is strain  of yeast, though 
the concentration varies widely. This double-stranded R N A  m igrated only slightly 
faster th a n  DNA on gels, b u t did no t interfere w ith  the assay of D NA am ount and radio­
activ ity , as it is degraded by  the RN ase trea tm en t. Control experim ents also showed th a t 
the DNA absorption and  radioactiv ity  peaks were elim inated by  trea tm en t of the 
sample w ith  10 yg  DNase/m l (Sigma, RNase-free) for 10 min a t  0°C, in  50 mM-2-(iV- 
morpliolino) ethanesulphonic acid (pH 7-0) and  2 mM-magnesium acetate.
(h) Determination of specific activity of ribosomal R N A
Between 10 and 30 yg  to ta l nucleic acid were fractionated on polyacrylam ide gels. 
F igure 2(a) shows a typical u ltrav io let absorption and  radioactiv ity  profile. The gel 
shows labelling of polydisperse RN A  and also 5 d istinct peaks. These include the m ature 
rRNAs w ith molecular weights 1-3 X lO 6 and 0-7 X 1 0 6, and 3 i-RNA precursor species 
w ith molecular weights of 2-5 X 106, 1-6 X 10e and 0-8 x 106 (Udem & W arner, 1972). The 
to ta l radioactiv ity  in each peak was determ ined from  the sum  of the radioactivities in 
the constituent gel slices, after sub tracting  the background of polydisperse radioactivity, 
as shown in F igure 2(a). D elim itation of the rad ioactiv ity  peaks from  th e  background 
was done w ithout knowledge of sample num ber, to  avoid introduction  of subjective bias.
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F ig. L Polyacrylam ide gel electrophoresis o f [2-3H]adenine-labelled yeast D N A . The con­
tinuous line shows absorbance at 265 m n; the histogram shows radioactivity. An exponentially  
growing yeast culture was labelled for 10 m in with [3H]adenine, then fractionated on the zonal 
rotor. 100 jug total nucleic acid from a fraction near the middle o f the cell cycle was digested w ith  
RNase prior to electrophoresis.
The specific ac tiv ity  of the rR N A  was calculated by  dividing the to ta l radioactiv ity  of 
the 3 precursor an d  2 m atu re rR N A  peaks by  the  com bined peak areas of the  1-3 X 106 
and 0-7 x 10s dalton  u ltrav io let absorption peaks. The very  small am ount of ultraviolet 
absorption of the 2-5 x  106 dalton  precursor, which m igrates w ith the  DNA, was neglected. 
The radioactiv ity  in the DNA was so low in com parison to  rR N A  radioactiv ity  th a t  i t  did 
not significantly affect the  rRN A  rad ioactiv ity  m easurem ent.
As a te s t of the reproducibility of m easurem ent of specific activ ity  of rR N A  by th is 
method, a radioactive yeast culture was split in to  8  parts . Nucleic acids were ex tracted  
from each and specific ac tiv ity  of rR N A  was m easured by gel electrophoresis. The standard  
deviation of the 8  values was 4%  of the m ean value, indicating th a t  reproducibility is high.
(i) Preparation of polyadenylated m R N A  by oligo(d T ) -cellulose
Between 20 and  100 pg to ta l nucleic acid were dissolved in 1 ml binding buffer (NaCl, 
400 h i m ; EDTA, 1 m i ;  T risH C l, 10 m i ,  pH  7-8; sodium dodecyl su lphate 0-2%) and 
shaken gently for 30 to  GO m in a t  20°C w ith 20 m g oligo(dT)-cellulose (Collaborative 
Research Inc., W altham , Mass, U .S.A .; binding capacity  42-8 A 260 un its poly(A ).g“ 1). 
The cellulose was sedim ented a t  12,000 g  for 1 min, then  washed 4 tim es w ith  1-0 ml 
binding buffer. Those RNAs lacking a polyadenylic acid sequence (poly(A)“ RNA) were 
precipitated from the  com bined binding buffer supernatan ts by addition  of 2-5 vol. 
ethanol and storage for 12 h a t  0°C. F igure 2(b) shows a polyacrylam ide gel fractionation 
of a typical poly(A )“ RN A  fraction.
The cellulose was then  washed 4 tim es w ith 0-5 ml elution buffer (binding buffer m inus 
NaCl) to release th e  poly(A) + R N A  (RNA containing a polyadenylic acid sequence). The 
elution buffer washes were combined. W here the poly(A) +RN A  was to  be analysed by  gel 
electrophoresis, 50 gg non-radioactive yeast carrier RN A  were added and  R N A  was
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F ig .  2. Polyacrylamide gel electrophoresis of yeast nucleic acid fractions. An exponential 
culture was labelled for 10 min with [3H]adenine, then fractionated by zonal centrifugation. The 
Figure shows nucleic acids from a fraction near the middle of the cell cycle. The continuous lines 
show absorbance at 265 nm; the histograms show radioactivity, (a) Total nucleic acid, showing 
rRNA radioactivity peaks at 8 , 15, 18, 27 and 80 mm, corresponding to molecular weights of 
2-5 x 10®, 1-6 X 106, 1*3 X 106, 0-8 X 106 and 0-7 X 106. The broken lines show the delimitation of 
rRNA radioactivity peaks from the polyclisperse background radioactivity, used in the calculation 
of rRNA specific activity, (b) Non-polyadenylated nucleic acids and (c) polyadenylated RNA, 
prepared by fractionation on oligo(dT)-cellulose. Radioactivity values on these scans are expressed 
per 100 ng total RNA.
precip ita ted  by addition  of NaCl to  0-3 m  and 2-5 vol. ethanol, and stored a t  — 20°C for 
12 h. F igure 2(c) shows a gel separation of a typical poly (A)+ RN A  fraction.
To determ ine the to ta l rad ioactiv ity  of the poly(A )+RNA, the com bined elution buffer 
washes were dried in scintillation vials a t  70°C, then  hydrolysed in 0-3 ml 0*5 m-HC104 
a t 70 C for 20 min. [3H ]radioactiv ity  was determ ined by scintillation counting after
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addition i d '7 ml butyl I>BD/2-iii(‘tlioxy(*Ilianol/toluenc scintillator. A “specific ac tiv ity " 
for the poIy(A) * RNA was found by dividing its to ta l radioactiv ity  by the weight of RNA 
fractionated on oligo(dT)-cellulose. The actual specific ac tiv ity  of poly(A) +RNA (radio­
activity per un it weight poly(A) + RNA) could not be determ ined, as the weight of poly- 
(A) + RNA prepared by oligo(rlT)-cellulose fractionation  was too low to measure.
(j) Measurement of total p<dyadenylated R N A  content
The amount of polyadenylated RNA per unit to ta l RNA was estim ated by m easuring 
(lie formation of R N ase-resistant complexes between th e  poly(A) sequences in 11011- 
nulioaetive to ta l RNA and [3 H]polyuridylic acid (Bishop el al., I!)74). N on-radioactive 
yeast cells from an exponential culture were fractionated  on th e  zonal ro tor as above, 
and RNA was ex tracted  from each fraction. 20-yg samples of RN A  were dissolved in 
0-2 ml 50 mM-Tris-HCl (pH 7-(>); 150 mM-NaCl; 0-5% sodium dodecyl sulphate. 0-1 to 
0-2 gg [3H]polyuridylic acid (Miles Laboratories Inc., spec. act. 0-2 /¿Ci./ug"1; molecular 
weight 50,000), dissolved in the  same buffer a t  0-01 g g .m l"1, was added. The am ount of 
[3H]polv(U) added was 5 to 10 tim es the am ount which form ed RN ase resistan t com ­
plexes with the RNA. A fter 30 m in a t  25°C, 50 /»I 1 m-KCI was added to  precipitate the 
sodium dodecyl sulphate. The m ixtures were cooled to 0°C and  digested w ith 20 yg p a n ­
creatic RNase/ml for 20 min. 1 ml 0-5% sodium dodecyl sulphate, 0-15 M-sodium acetate 
(pH <»•<)), containing 100 yg  non-radioactive yeast carrier RN A  was added, and RNase- 
resistant complexes were precip itated  by addition of 3 ml ethanol, and stored for 3 h a t 
— 20 C. The precipitates were collected by filtration on W hatm an GF/A glass fibre paper, 
ami washed 3 tim es w ith 5 ml 80%  ethanol containing 0-1 M-NaCl and 100 yg  uridine/m l. 
Alcohol-insoluble radioactiv ity  on the  filters was determ ined afte r drying by counting 
in butyl PB D /toluene scintillator. The poly(A) + RN A  content was expressed as alcohol- 
insoluble rad ioactiv ity  per unit weight of to ta l RNA.
Control experim ents showed th a t  when the  RNase digestion was om itted, 95 to  100% 
of the input of [3H]poly(U) radioactiv ity  was recovered. W hen [3H]poly(U) was mixed 
with poly (A p  RNA prepared by oligo(dT)-cellulose fractionation as above, between 0 and 
2% of the input radioactiv ity  rem ained alcohol-precipitable after RN ase trea tm en t. 
Fractionation of the complexes formed between [3H]poly(U) and to ta l RN A  by sedi­
m entation on sucrose gradients (Fraser & Loening, 1973) showed a polydisperse d is tri­
bution of radioactiv ity , from  0 S to over 30 S. Free poly(U) sedim ented alone had  a 
sedimentation coefficient of 3 S. This confirms th a t  the [3H]poly(U) was complexed to  
high molecular weight RNAs, w ith a range of sizes such as would be expected for mRNA.
(k) Calculation of the rates of rR N A  and poly ( A ) + R N A  synthesis 
per cell, and poly (A  ) ~ R N A  content per cell 
For each zonal ro to r fraction of yeast, the specific activities of rRN A  or poly(A) + RNA 
determined as above were m ultiplied by the value for RN A  per cell for th a t  fraction, 
to give rates of rRN A  and poly(A )+ RNA synthesis per cell. The am ounts of poly(A) +RN A  
and DNA per unit to ta l RN A  were sim ilarly trea ted  to  give weights of poly(A) + RNA and 
DNA per cell. The values for RNA per cell for fractions across the  zonal ro tor were taken 
from the line best fitting all points, ra th e r than  using the m easured experim ental value 
for each fraction. This served to  reduce variation  arising from  small differences in the 
efficiency of extraction of RNA from different fractions (Fig. (5).
3. Results
(a) Cell-cycle analysis  
Y east cells increase in size du ring  th e  cell cycle, an d  can be se p ara te d  accord ing  to  
size by zonal cen trifugation . T hus th e  zonal ro to r  m ay be used to  se p ara te  cells in to  
fractions rep resen ting  d iffe ren t stages o f th e  cell cycle (C arter el a,I.. 1971; S ebastian  
el al.. 1971). F igure  3 shows a frac tio n a tio n  on th e  zonal ro to r o f cells from  an  expo ­
nential cu ltu re of <S'. cerevisiae. I t  is clear th a t  th e re  has been a  fra c tio n a tio n  according
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F ig .  3. Fractionation of an exponential culture o f S. cerevisicie b y  zonal centrifugation, (a) Cells 
per 10-ml fraction of gradient from the zonal rotor, (b) Mean cell volum e in fractions o f the 
gradient.
to  cell size, an d  th a t  m ean  cell volum e doubles over th e  region o f th e  g rad ie n t con­
ta in in g  th e  cells.
T he v a ria tio n  in  nu m b er o f cells per frac tio n  across th e  g rad ie n t (Fig. 3(a)) is a 
consequence of tw o fac to rs : (1 ) th e  frequency  o f cells o f d ifferen t age classes, hence 
d ifferen t sizes, in  an  ex p o n en tia lly  grow ing cu ltu re , an d  (2 ) th e  geom etry  of the 
zonal ro to r, w hich causes progressive d ilu tio n  of cells w ith  d istance  from  th e  ro to r 
centre. S ebastian  et al. (1971) have shovra th a t  th e  ty p e  o f d is tr ib u tio n  o f cell num ber 
p e r fraction  show n in  F igu re  3(a) agrees w ith  th a t  ca lcu la ted  from  th e  d is trib u tio n  
o f cell ages in  an  exponen tia l cu ltu re  an d  th e  ro to r  geom etry .
Cells in  ind iv id u al frac tions can be a t tr ib u te d  to  a  p a r tic u la r  phase  of th e  cell cycle 
if  th e  sizes o f cells a t  d ifferen t tim es du rin g  th e  cell cycle are know n. F ig u re  4  shows 
th a t  in  a  synchronous cu ltu re  u n d er th e  sam e g row th  conditions, m ean  cell volum e 
increased  linearly , an d  doub led  du ring  th e  cell cycle. T he range  o f cell volum es 
during  th e  cell cycle in  synchronous cu ltu re  (Fig. 4) w as sim ilar to  th e  range  o f sizes 
fra c tio n a te d  on th e  zonal ro to r. A ccordingly, we h av e  been  ab le to  use cell vo lum e as 
a cell-cycle m arker, to  correla te  fractions from  th e  zonal ro to r  w ith  th e ir  s tage  in  the 
cell cycle.
To determ ine th e  p a t te rn  of nucleic acid syn thesis  du rin g  th e  cell cycle, we labelled 
exponen tia lly  grow ing y ea s t cu ltu res w ith  [3H |ad e n in e  for 10 m inu tes, i.e. a b o u t OT 
of a  cell cycle. In  asynchronous, exponen tia l cultu res, th e re  a re  cells a t  every  stage 
of th e  cell cycle. W hen th e  cu ltu re  is h a rv ested  an d  se p ara te d  by  zonal cen trifugation ,
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Fig. 4. Changes in (a) cell number per m l and (b) m ean cell volume w ith tim e in a synchronous 
culture of S. cerevisiae. The synchronous culture was prepared by selecting small cells near the  
beginning of the cell cycle from the top of a sucrose gradient fractionation of an exponential 
culture (Mitchison & Vincent, 1965).
a series of frac tio n s is o b ta in ed  rep resen ting  cells a t  d ifferen t stages of th e  cell cycle 
which had  been pulse-labelled  w ith  [3H  jadenine for th e  prev ious 0-1 o f th e  cycle.
(b) Characterization o f the R N A  fractions exam ined through the cell cycle
Figure 2(a) shows po lyacry lam ide gel e lectrophoresis o f to ta l  R N A  w hich was 
ex tracted  from  one frac tio n  o f y e a s t from  a  zonal ro to r  separa tion . T he ra d io a c tiv ity  
profile shows a  background  o f polydisperse R N A , an d  five p eak s; th e  1 -3X 10® an d
0-7 X 10® d a lto n  m a tu re  rR N A s, a n d  th e  2-5 X 10®, 1-6x10® an d  0-8x10® d a lto n  
rRN A  precursors (R ete l & P la n ta , 1967; U dem  & W arner, 1972). A fter a  10-m inute 
pulse w ith  [3H ]adenine, a b o u t h a lf  o f th e  to ta l rad io a c tiv ity  in  rR N A  w as in  th e  
precursor form s.
F igure 2(c) shows a  gel o f poly(A) +R N A  p rep a red  from  to ta l  R N A  b y  fra c tio n a tio n  
on oligo(dT)-cellulose. T he rad io a c tiv ity  w as po lyd isperse on th e  gel. U sing th e  
approxim ately  linear re la tionsh ip  betw een  log m olecular w eight an d  e lec trophore tic  
m obility (Loening, 1969), an d  ta k in g  th e  1-3x10® an d  0-7x10®  d a lto n  rR N A s as 
standards, th e  po lyd isperse po ly (A )+R N A  covers a  m olecular w eight range  from  
3x10® dow n to  less th a n  2-5 xlO5. O n sucrose g rad ien ts  th e  polydisperse poly(A ) + 
RNA sedim ents in  th e  range from  6  S to  35 S. T he poly(A) +R N A  w as betw een  10 an d  
15% of to ta l acid-insoluble rad io ac tiv ity .
The poly(A) + R N A  frac tio n  show ed several fea tu re s  charac te ris tic  o f m R N A : it  
was heterogeneous in  size, w as labelled  to  a h igh specific a c tiv i ty  du ring  a  pulse 
incubation, an d  con ta ined  a  poly(A) sequence. W e h av e  s tud ied  th e  po ly (A )+R N A  as 
a model for m essenger R N A . H ow ever, th e  poly(A) + R N A  p ro b ab ly  does n o t rep resen t 
the to ta l m R N A  c o n ten t o f th e  cell. E u k a ry o tic  m R N A s lack ing  a poly(A) sequence 
have been found  (A desnik & D arnell, 1972; M ilcarek et al., 1974; G reenberg, 1975). 
Figure 2(b) shows th a t  som e polydisperse R N A  w as also p resen t in  th e  R N A  fraction
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w hich failed  to  b in d  to  oligo(dT)cellulose a t  high sa lt concen tra tion . I t  is difficult to 
e s tim a te  th e  am o u n t o f th is  R N A , b u t it m ay  acco u n t for up  to  h a lf  o f th e  to ta l 
polydisperse R N A . A t least som e of th is  po ly (A )- polydisperse R N A  m ig h t have 
m essenger a c tiv ity . M cLaughlin  et al. (1973) found  in  y e a s t th a t  som e o f th e  po ly ­
ribosom e-associated  po lyd isperse R N A  d id  n o t co n ta in  a  poly(A ) sequence. Shiokaw a 
& P ogo (1974). how ever, found  th e  po ly (A )-  polyd isperse R N A  of y ea s t m ain ly  in 
th e  nuclear an d  m em brane fractions.
W e conclude th a t  th e  poly(A )+R N A  fra c tio n  is likely  to  rep resen t a m a jo r portion , 
though  p ro b ab ly  n o t all, o f th e  cellu lar m R N A . T he possib ility  can n o t lie excluded 
th a t  som e of th e  poly(A) + R N A  is n o t m R N A , th o u g h  no functions for poly(A) + 
R N A  o th e r th a n  those  of m R N A  or p resum ed  m R N A  precursors have y e t been 
rep o rted .
F ra c tio n a tio n  of y e a s t cells on th e  zonal ro to r  to o k  ap p ro x im ate ly  40 m inu tes. I t  
w as im p o r ta n t to  check th a t  no fu rth e r  R N A  m etabolism  w as occurring  d u ring  this 
tim e. A ccordingly, an  exponen tia l y e a s t cu ltu re  w as labelled for 10 m in u tes  with 
[3H ]adenine, d iv ided  in to  tw o p a r ts  an d  each h a lf  chilled  by  a d d itio n  o f crushed  ice. 
T he cells from  one p o rtio n  were im m ed ia te ly  collected, resuspended  in  ex trac tio n  
m edium  an d  frozen a t  —20°C. The cells from  th e  rem ain ing  p o rtio n  w ere collected by 
cen trifugation  an d  resuspended  in 27-5%  sucrose a t  4°C for one hour, to  sim ulate 
frac tio n a tio n  on th e  zonal ro to r. The cells w ere th e n  collected b y  cen trifugation , 
resuspended  in  ex tra c tio n  m edium  an d  frozen. R N A  w as p rep a red  from  bo th  sam ples. 
T here were no differences betw een  th e  sam ples in  to ta l  rad io a c tiv ity  of th e  RNA, 
p a t te rn  of rad io a c tiv ity  a f te r  frac tio n a tio n  on po lyacry lam ide gels, percen tage of 
to ta l rR N A  ra d io a c tiv ity  in  th e  iR N A  precu rso r m olecules, percen tage o f to ta l  rad io ­
a c tiv ity  in  th e  poly(A ) + R N A , or d is trib u tio n  of th e  poly(A) + R N A  a f te r  e lec tro ­
phoresis. These resu lts confirm  th a t  no fu rth e r  syn thesis, processing or d eg rad a tio n  of 
R N A  occurred  du ring  zonal frac tio n a tio n  o f th e  cells.
(c) D N A  synthesis through the cell cycle
In yeasts , it is n o t possible to  s tu d y  D N A  syn thesis  by  labelling  specifically w ith  
[3H ]thym id ine , as th e  cells do n o t con ta in  th y m id in e  k inase  (B rendel & H aynes,
1972). The app roach  we have ad o p ted  is to  label bo th  D N A  an d  R N A  w ith  | 3Hj- 
adenine, degrade th e  R N A  b y  R N ase tre a tm e n t, an d  th e n  se p ara te  th e  D N A  peak 
from  th e  d eg radation  fragm en ts  o f R N A  b y  po lyacry lam ide gel electrophoresis 
(Fig. 1). F igu re  5 shows changes in th e  specific a c tiv i ty  o f th e  D N A  a f te r  a  10- 
m inu te  pulse of [3H ]adenine, an d  changes in  D N A  co n ten t per cell, du ring  th e  cell 
cycle. I t  is clear from  th e  specific a c tiv ity  d a ta  th a t  th e  m a jo r  period o f DNA 
syn thesis was from  0-4 to  0-8 o f th e  cycle as fra c tio n a te d  on th e  ro to r. D N A  con ten t 
per cell began to  rise a t  0-4 of th e  cycle, an d  h a d  ap p ro x im ate ly  doubled  by 0-8 of 
th e  cycle.
In  budd ing  y east, th e  s ta r t  o f D N A  syn thesis  coincides w ith  th e  tim e o f bud 
em ergence (W illiam son & Scopes, 1962; W illiam son, 1965). F ig u re  5 show s th a t  in 
cells frac tio n a ted  on th e  zonal ro to r, bud  em ergence also coincided w ith  th e  onset of 
D N A  synthesis.
O ur es tim a te  of th e  tim e of occurrence o f D N A  syn thesis  (S phase) in  th e  cell cycle 
varies from  previous rep o rts . In  an  au to rad io g rap h ic  s tu d y , W illiam son (1965) found 
th a t  >S phase occupied th e  first 27%  o f th e  budded  phase o f th e  cell cycle: our results 
show S phase occupying a la rger p roportion  of th e  budded  phase. This is a conse-
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F i g . 5 . DNA synthesis during the cell cycle of S. cerevisiae. An exponentially growing culture, 
labelled for 10 min with [2-3H]adenine, was fractionated according to cell volume on the zonal 
rotor. The specific activity (a) and amount of DNA per cell (b) were determined by polyacrylamide 
gel electrophoresis. The lower scale shows the correlation of mean cell volume with position in the 
cell cycle, from Fig. 4. The horizontal bar shows the position of the period of DNA synthesis; 
t his is reproduced in Figs 7 and 8 showing changes in rates of RNA synthesis, (c) Shows changes 
in the percentage of budding cells across the zonal rotor.
quence o f th e  im perfect fra c tio n a tio n  of cells on th e  zonal ro to r, an d  is analogous to  
the s itua tion  in synchronous cultures, w here S phase in  th e  cu ltu re  is longer th a n  S 
in the ind iv idual cell because o f im perfections in  synchrony  (W illiam son, 1965).
S phase in th e  zonal ro to r  f ra c tio n a te d  cell c3^cle also s ta r te d  m uch la te r  th a n  in 
previous stud ies using au to ra d io g rap h y  (W illiam son, 1965) or synchronous cu ltu res 
(W illiamson & Scopes, 1962; W illiam son, 1965). P a r t  o f th is  difference w as due to  
the longer d u ra tio n  o f th e  u n b u d d ed  (G J  phase in our cells. W illiam son (1965) found 
8  to  1 0 %  unbu d d ed  cells in  exponen tia l cu ltu res, w hereas in  u n d is tu rb e d  exponen tia l 
cultures of our s tra in  o f y ea s t 16%  of cells w ere unbudded .
A second cause of th e  ex ten d ed  G x phase w as a fea tu re  of frac tio n a tio n  of th e  cell 
cycle using th e  zonal ro to r. Cells a t  th e  beginning o f th e  cycle a re  no t all th e  sam e size, 
hut are norm ally  d is trib u te d  a b o u t a m ean. T he first few fractions from  th e  zonal 
rotor p robab ly  con ta in  cells w ith  a m ean  volum e less th a n  th e  m ean  volum e o f all 
cells a t  the  s ta r t  o f th e  cycle. T heoretically , th e  s ta r t  o f th e  cycle should  be ta k e n  as 
th a t fraction where m ean cell volum e equals th e  m ean  cell vo lum e o f all cells a t  th e  
sta rt of th e  cycle. Iden tification  of th is  fraction  is difficult. Synchronous cu ltu res
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can n o t be used  to  find th e  m ean  cell volum e a t  th e  s ta r t  o f th e  cycle, as th e  conditions 
o f synch ron ization  an d  g row th  of synchronous cu ltu res m a y  them selves in troduce 
differences in cell size from  u n p ertu rb ed , ex p o n en tia lly  grow ing cells, an d  as th e  least 
im perfection  in  synch rony  will m ake i t  d ifficult to  m easure on ly  cells a t  th e  beginning 
of th e  cycle. W e h av e  the re fo re  decided to  include all cells a t  th e  to p  o f th e  g rad ien t 
in  th e  cell cycle. T his has th e  consequence o f leng then ing  th e  Gj phase. To p u t this 
a r tifa c t o f th e  zonal frac tio n a tio n  in to  perspective , i t  shou ld  be em phasized  th a t  the 
first 20%  o f th e  cycle con tain s on ly  a b o u t 1%  o f all cells on th e  ro to r. T he difficulty 
o f fixing th e  s ta r t  (and  sim ilarly , th e  end) o f th e  cell cycle m eans t h a t  th e  zonal ro tor 
ap p ro ach  is less su itab le  for determ in ing  th e  ab so lu te  tim ing  o f even ts  in  th e  cell 
cycle, th a n  for determ in ing  th e  tem p o ra l re la tio n sh ip  betw een  tw o even ts such as 
D N A  syn thesis  an d  R N A  synthesis.
A  th ird  fac to r w hich m ig h t re su lt in  a co m p ara tiv e ly  long Gĵ  period  is th a t  during 
h arv es tin g  an d  frac tio n a tio n  o f cells, p rem a tu re  se p ara tio n  o f buds w ould  give rise 
to  excessive nu m b ers  of sm all cells. T his d id  n o t occur to  a n y  sign ifican t e x te n t in  our 
f ra c tio n a tio n : th e  overall percen tage of u n b u d d ed  cells a f te r  zonal ro to r  frac tiona tion  
w as 2 0  to  2 2 , lit tle  h igher th a n  th e  16%  u n b u d d ed  cells in  u n d is tu rb e d  exponential 
cu ltu res.
(d) R N A  synthesis through the cell cycle
F ig u re  6  shows th a t  to ta l R N A  per cell rose con tinuously  th ro u g h  th e  cell cycle, 
an d  ap p ro x im ate ly  doubled  du ring  th e  cycle. T he rise w as close to  ex p o n en tia l (the 
va lue  o f r fo r th e  linear regression o f log R N A  on m ean  cell vo lum e w as 0-96; n  =  33). 
H ow ever, possible sligh t v a ria tio n s  in  th e  ra te  o f R N A  accum ula tion  w ould be m asked 
b y  v aria tio n s  in  th e  efficiency o f e x tra c tio n  o f R N A  from  differen t fractions.
F igu re  7 shows changes in  th e  r a te  o f syn thesis  o f  rR N A  du ring  th e  cell cycle, 
ca lcu la ted  from  po lyacry lam ide gel frac tio n a tio n s such as those  show n in F igu re  2 .
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F ig .  (5. Changes in RNA content o f yeast cells (luring the cell cycle. Cells from an exponentially 
growing culture were fractionated by volum e on the zonal rotor. A straight line was fitted to the 
data by the m ethod of least squares for the regression of log RN A  on m ean cell volume. The 
value of r is 0-90; n =  33.
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F ig . 7. Changes in the rate of ribosomal RNA synthesis (a) and in the rate of processing of 
ribosomal RNA precursors to mature rRNAs (b) during the cell cycle. An exponential culture was 
labelled with [2-3H]adenine for 10 min, then fractionated according to cell volume on the zonal 
rotor. The total radioactivity incorporated into rRNA (precursors and mature forms) was deter­
mined by gel electrophoresis (— A — A —)• The rate of processing of precursors to mature rRNAs 
was expressed as (1) the ratio of radioactivity in the 2-5 X 106 dalton precursor to total (precursor 
plus mature) rRNA radioactivity (— □ — □ —) or (2) the ratio of radioactivity in the three l'RNA 
precursor molecules (2-ox 10s, l-6 x lO G and 0 -8xlO 6 daltons) to total rRNA radioactivity 
(- 9  O—). The horizontal bar in (a) shows the timing of DNA synthesis, from Fig. 5.
In  th e  experim en t show n, th e  ra te  o f rR N A  syn thesis rem ained  co n s tan t fo r th e  first
0-4 of th e  cycle. B etw een  0-4 a n d  0-6 th e re  w as a  sh a rp  doubling  in  th e  ra te  o f rR N A  
synthesis per cell, w hich th e n  rem ained  co n s tan t fo r th e  rem ain d er o f th e  cjmle. 
The tim e o f th e  doubling  in  th e  ra te  o f rR N A  syn thesis  w as ea rly  in  S phase.
The ra te  of processing o f p recurso r rR N A  to  m a tu re  rR N A  w as exam ined  b y  th e  
ratio  of rad io ac tiv itie s  in  (a) 2-5x10®  d a lto n  rR N A  precu rso r; an d  (b) th e  2-5x10® ,
1-6x10® an d  0-8x10® d a lto n  precursors, to  th e  to ta l rad io a c tiv ity  in  all five rR N A  
species. B o th  ra tio s  show  th a t  a f te r  th e  increase in  th e  ra te  o f rR N A  syn thesis, a  
higher percen tage o f th e  rR N A  labelling  w as in  th e  p recurso r form s th a n  before th e  
increase in  syn thesis  (Rig. 7). L a te r  in  th e  cycle, th e  percen tage o f labelled rR N A  in 
the precursor form s fell back  to  th e  level p e rta in in g  a t  th e  s ta r t  o f th e  cycle.
P oly(A )+R N A  syn thesis  p er cell rem ained  co n s tan t for th e  first 0-5 o f th e  cell 
cycle, th e n  increased  betw een  0-5 an d  0-85 (Pig. 8 ). T he increase w as s ligh tly  m ore 
th a n  a doubling. T he ra te  o f poly(A ) + R N A  syn thesis th e n  rem ain ed  co n s tan t for th e  
rem aining p a r t o f th e  cycle. T he tim e o f th e  increase in  ra te  o f poly(A) + R N A  syn thesis  
coincided w ith  th e  la te r  p a r t  o f  S phase. This step  in  sy n th e tic  ra te  w as th u s  con­
siderably la te r  th a n  th e  s tep  in  ra te  o f rR N A  syn thesis  (Pig. 7). Also, th e  s tep  in  th e
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F i g . 8. Changes in the rate o f synthesis o f  polyadenylated R N A  ( # )  and in the content per cell 
of polyadenylated RN A  (O ) during the cell cycle o f S. cerevisuie. For m easurement of poly(A) + 
RNA synthesis, an exponential culture was pulse-labelled for 10 min with [2-3H ]adenine, then 
fractionated according to cell volume on the zonal rotor. The horizontal bar shows the tim e of 
UNA synthesis, from Fig. 5. The vertical bars show the standard errors o f the means. Each ¡joint 
is the mean of between 4 and 8 determinations. For measurement of po ly(A )+ RN A  content, 
non-radioactive exponential phase yeast cells were fractionated on the zonal rotor. Poly(A) + RNA  
content was measured by the formation of RN ase-resistant com plexes between total RNA and 
[3H]poly(U).
ra te  o f po ly(A )+ R N A  syn thesis occupied a m uch  la rger p ropo rtion  of th e  cell cycle 
th a n  th e  com para tive ly  sh a rp  s tep  in  ra te  o f rR N A  syn thesis . F igu re  9 show s a  cell 
cycle m ap on w hich are p lo tte d  th e  tim es o f increases in  th e  ra te s  o f poly(A ) + RNA 
and rR N A  synthesis, in th ree  rep lica te  experim en ts of th e  ty p e  show n in F igures 7 
and  8 . It is clear th a t  in all experim en ts, th e  increase in  th e  ra te  o f rR N A  synthesis 
was earlier th a n  th e  increase in  r a te  o f poly(A) + R N A  syn thesis, an d  th a t  th e  step 
in rR N A  sy n th e tic  ra te  consisten tly  occupied a sm aller p ro p o rtio n  of th e  cell cycle 
th a n  th e  step  in ra te  of poly(A) + R N A  synthesis.
A danger w hen m easuring  ra te s  of R N A  syn thesis  by  in co rpo ra tion  of rad ioactive 
precursor is th a t  any  change in th e  ra te  o f in co rpo ra tion  m ay  be a consequence of a 
change in th e  ra te  o f u p ta k e  of th e  p recurso r, or o f th e  specific a c tiv ity  of th e  pre­
cursor pool, ra th e r  th a n  a change in th e  ac tu a l ra te  o f syn thesis o f R N A . However, 
tw o aspects o f our resu lts suggest th a t  changes in p recurso r u p ta k e  or pool specific
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F ig .  I). Map of the coll cycle o f S. cerevisiae showing times of changes in rates o f nucleic acid
synthesis. The duration of the rise in the rate o f synthesis of rRNA (|-------- —  I) and poly(A) + -
RNA ( |-  ----- |), and the tim es when the rates o f synthesis were half-way between the pre­
increase and post-increase levels ((▼) rRNA; (V ) po ly(A )+ RNA)) are shown for 3 separate 
experiments o f the type shown in Figs 7 and 8. The tim ing of DNA synthesis was determined for 
one of the experim ents and is shown (----------------- ).
ac tiv ity  w ere n o t responsible for changes in th e  ra te  o f adenine inco rp o ra tio n  in to  
rRN A  and  poly(A) +R N A . F irs tly , th e  to ta l u p ta k e  of adenine p e r cell, an d  th e  
rad ioac tiv ity  of th e  alcohol-soluble pool bo th  increased  con tinuously  th ro u g h  th e  
cell cycle, w ith no suggestion  o f a  s tep  (Fig. 10). Secondly, th e  tim es of th e  steps in 
rates of inco rpo ration  o f adenine in to  rR N A  an d  poly(A) + R N A  w ere consisten tly  
different. I f  th e  steps w ere due to  changes in p recurso r u p ta k e  ra te  or specific ac tiv ity , 
they  would be expected  to  occur sim ultaneously . W e conclude th a t  th e  changes in 
the ra tes  o f inco rpo ra tion  o f [3H ]aden ine in to  rR N A  an d  polv(A) + R N A  represen t 
changes in th e  ra te s  o f syn thesis  o f these  m olecules.
Tn add ition  to  m easuring  th e  ra te  o f po lv (A )+R N A  syn thesis a t  d iffe ren t stages of 
the cell cycle, we h av e  m easured  changes in th e  to ta l po lyadenv la ted  R N A  con ten t 
of cells, by  assay ing  th e  am oun t o f [3H ]poly(U ) w hich form ed R N ase-re sis tan t 
complexes w ith  poly(A ) sequences in  to ta l R N A . As show n in  F igure  8 . th e  am o u n t of 
poly(A) per cell declined for th e  first 0-4 of th e  cell cycle. A t 0-5. w hich also m arked  
the  s ta r t o f th e  increase in  ra te  o f p o ly (A )+ R N A  synthesis, th e  poly(A) + R N  con ten t 
per cell began to  increase slowly. V ery  la te  in th e  cycle, th e re  was a m a jo r accu m u la­
tion of po ly (A )+R N A . w hich by  th e  end of th e  cycle h a d  reached  tw ice th e  va lue  a t 
the beginning of th e  cycle.
4. Discussion
(a) R N A  synthesis during the cell cycle
The ra tes  o f poly(A) + R N A  (Fig. 8 ) and  rR N A  (Fig. 7) syn thesis were co n stan t 
during G j, doubled  du ring  S phase, th e n  again  becam e co n s tan t a t  th e  new  level for 
the rem ainder of th e  cell cycle. T here  w as no evidence o f an y  drop  in th e  ra te  o f R N A  
synthesis du ring  nuclea r d ivision, a t  a b o u t 0-8 of th e  cycle. In  h igher eukaryo tes, 
there is a decline in th e  ra te  o f R N A  syn thesis du ring  m itosis (Das. 1963: S charff & 
Robbins, 1965) caused by  th e  u n av a ila b ility  o f th e  co n trac ted  m ito tic  chrom osom es 
for transc rip tion .
A likely exp lana tion  o f th e  increases in po ly (A )+R N A  an d  rR N A  syn thesis  ra te s
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F ig . 10. Changes in the uptake of [2-3H]aclenine ( □ )  and in the total radioactivity o f the 
alcohol-soluble pool ( 0 )  during the cell cycle o f S . cerevisiae. An exponential culture, labelled for 
10 m in w ith  [2-3H ]adenine, was fractionated according to cell volum e by zonal centrifugation.
during  S phase  is th a t  th e  nu m b er of genes is th e  fac to r  con tro lling  th e  ra te  o f tra n s ­
crip tion . T he sim plest form  o f gene dosage m echanism  p red ic ts  th a t  th e  increase in 
sy n th e tic  ra te  should  occur du ring  S phase, an d  th a t  th e  ra te  increase shou ld  be a 
doubling. O ur resu lts  for rR N A  an d  poly(A) + R N A  syn thesis ra te s  are in  agreem ent 
w ith  b o th  p red ic tions. B u t a lth o u g h  our resu lts  s tro n g ly  suggest th a t  gene dosage 
w as th e  fac to r controlling  th e  am o u n t o f tran sc rip tio n , th e y  do n o t com pletely  prove 
a casual re la tionsh ip  betw een  D N A  rep lica tio n  an d  increases in  th e  r a te  o f R N A  
synthesis. A te s t  o f th is  causalit}! requ ires experim en ts in  w hich DNA syn thesis  is 
inh ib ited , or S phase is sh ifted  to  a d ifferen t p a r t  o f th e  cycle, an d  th e  effects o f these 
tre a tm e n ts  on R N A  syn thesis  are exam ined . These experim en ts will be repo rted  
separate ly .
O ther w orkers have rep o rted  a  doubling  in  th e  ra te  o f to ta l (Pfeiffer & Tolm ach, 
1968; C rippa, 1966) a n d  rR N A  (Pfeiffer, 1968; K levecz & S tubblefield , 1967) syn thesis 
during  S phase in  h igher eukaryo tes, an d  have suggested  th a t  gene dosage is respons­
ible. To our know ledge, a gene dosage effect on th e  r a te  o f syn thesis  o f a m ajor, 
defined fraction  of m R N A  has n o t p rev iously  been rep o rted . Pfeiffer (1968) d id  find 
a doubling during  S phase in  H eL a cells o f th e  ra te  of syn thesis  o f a pulse-labelled, 
cy toplasm ic R N A  fraction , o f w hich m R N A  w as p ro b ab ly  th e  m a jo r com ponent. In  
an  investiga tion  o f th e  ra te  of poly(A) + R N A  syn thesis  in  selection  synchronized 
cu ltu res o f th e  fission y east Schizosaccharomyces pombe, w e h av e  also found  a doubling 
in  th e  sy n th e tic  ra te  du ring  th e  period of D N A  rep lica tion  (F rase r & M oreno, 1976).
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In  co n tra st to  ou r suggestion  th a t  th e  ra te  o f rR N A  syn thesis  doubles du rin g  S 
phase, Sogin et al. (1974) found  th a t  th e  ra te  o f rR N A  syn thesis in  b udd ing  y ea s t 
increases ex p o n en tia lly  th ro u g h  th e  cell cycle. T he ex p lan a tio n  o f th is  difference 
p robably  lies in  th e  d iffe ren t cu ltu re  conditions used. Sogin et al. (1974) grew  th e ir  
yeast on a m in im al m ed ium  w hereas ours w as grow n on a  rich  m ed ium  w ith  a  fas te r 
generation tim e. T h e  average R N A  c o n ten t o f cells grow n on m in im al m edium  is 
lower th a n  th a t  o f cells g row n on rich  m edium  (W ehr & P ark s , 1969). T hus cells 
grown on rich  m ed ium  are  req u ired  to  p roduce ribosom al R N A  a t  a  h igher ra te , 
bu t from  th e  sam e n u m b er o f genes as in  cells g row n on  m in im al m edium . T hus 
gene dosage could lim it R N A  syn thesis  in  rich  m edium , w hereas som e o th e r  fac to r 
m ight lim it in  poor m edium . S im ilar differences in  th e  p a t te rn  o f R N A  syn thesis  
th rough  th e  cell cycle ap p e ar to  ex is t in  m am m alian  cells grow n in  rich  an d  poor 
media (Pfeiffer & T olm ach , 1968; S charff & R obb ins, 1965; K levecz & S tubblefield , 
1967; E nger & T obejy 1969; S tam brook  & Sisken, 1972).
Our resu lts  suggest sign ifican t differences in  th e  d u ra tio n s  an d  tim es o f occurrence 
of the  increases in  rR N A  a n d  poly(A) + R N A  sy n th e tic  ra te s . I n  th re e  sep ara te  
experim ents, th e  increase in  rR N A  syn thesis  w as earlier, a n d  occupied a  sm aller 
portion of S phase, th a n  th e  increase in  poly(A) + R N A  syn thesis  (Fig. 9). T he rR N A  
results suggest th a t  th e  rR N A  genes a re  rep lica ted  early  in  S phase, an d  qu ick ly  
become availab le  fo r tran sc rip tio n . T he 140 rR N A  genes o f b udd ing  y e a s t are know n 
to be clustered  in  groups o f 10 to  32 (Cram er et al., 1972) an d  70%  o f th e  genes a re  on 
chromosom e I  (F inkelste in  et al., 1972; 0 y e n , 1973; K a b a c k  et al., 1973). T his w ould 
suggest th a t  chrom osom e I  com pletes rep lica tion  ea rly  du rin g  S phase. Schw eitzer 
& H alvorson (1969) also rep o rted  th a t  th e  ribosom al R N A  genes rep lica te  ea rly  du ring  
S phase, b u t a  su b seq u en t p ap e r (G im m ler & Schw eitzer, 1972) suggested  th a t  
replication  o f th e  rR N A  genes tak es th e  w hole of S phase.
A t th e  tim e of th e  rise in  th e  ra te  o f rR N A  synthesis, th e re  w as a  red u c tio n  in  th e  
ra te  o f processing o f p recurso r rR N A s to  th e  m a tu re  form s (Fig. 7). A n ex p lan a tio n  
of th is resu lt is th a t  th e  pool o f ribosom al p ro te in s  is lim ited . W hen th e  ra te  o f rR N A  
synthesis doubles, th e  ra te  o f syn thesis o f ribosom al p ro te in s does n o t double sim u l­
taneously, an d  processing of p recu rso r rR N A  to  m a tu re  rR N A  is re ta rd e d  by  lack 
of ribosom al p ro te ins. A sim ilar d rop  in  th e  r a te  o f processing occurs w hen p ro te in  
synthesis is in h ib ited  b y  cyclohexim ide (Udem  & W arner, 1972). L a te r  in  th e  cycle, 
the rR N A  precurso r processing ra te  increased, perhaps because o f a n  increased  ra te  
of synthesis o f ribosom al p ro te ins. T he increase in  th e  ra te  of po ly (A )+R N A  syn thesis 
(Fig. 8 ) coincided w ith  th e  acce lera tion  of th e  ra te  o f p recu rso r processing.
The co m p ara tiv e ly  large p ro p o rtio n  of S phase  over w hich th e  increase in  ra te  o f 
poly(A) + R N A  syn thesis  occurred  is consisten t w ith  th e  idea  th a t  th e  poly(A) + R N A  
m ust rep resen t th e  tran sc r ip tio n  o f a  larger, m ore sc a tte red  p ro p o rtio n  o f th e  genom e 
th an  th e  rR N A . As w ith  rR N A , th e  poly  (A )+ R N A  resu lts  suggest th a t  th e re  is little  
delay betw een  th e  rep lica tion  o f th e  D N A  an d  th e  onse t o f tra n sc rip tio n  of bo th  
copies o f each gene.
K now ing th e  nu m b er o f ribosom al genes in  S . cerevisiae (140 p er hap lo id  genom e; 
Retel & P la n ta , 1968; Schw eitzer et al., 1969), we can  a t te m p t to  ca lcu late  th e  num ber 
of genes coding for m R N A  w hich are  ac tiv e  in  th e  cell. This ca lcu lation  is based  on 
th e  sim plest in te rp re ta t io n  o f th e  changes in  ra te  o f poly(A) + R N A  syn thesis  th ro u g h  
th e  cell cycle (Fig. 8 ), n am ely  th a t  “ ac tiv e ” genes a re  tran sc rib ed , a t  a  co n s ta n t ra te , 
th roughou t th e  cycle, w ith  no sw itching, on or off, o f genes. F rom  F igu re  2(a), we
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derive  ap p ro x im ate  values fo r th e  percen tage of to ta l  in s tan ta n eo u s  R N A  synthesis 
o f 50 for polvdisperse R N A  (tak en  as to ta l niR N A ). 40 for rR N A  p recurso rs plus 
m a tu re  form s, a n d  10%  is allow ed for tR N A . T he sizes o f th e  p rim a ry  gene p roducts 
a re  ta k e n  to  be 2-5 X  106 d a lto n s for rR N A  (Udem  & W arner, 1972) and  an  average of
0-7 X  10® d a lto n s for m R N A  (Fig. 2(c)). W e m ake th e  assum ption  th a t  th e  po ly­
m erases tran sc rib in g  th e  rR N A  an d  m R N A  genes m ove a t  th e  sam e ra te  an d  have 
th e  sam e spacing  along th e  gene. T he nu m b er of " a c tiv e ” m R N A  genes p er haploid  
genom e is th e n
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In tu itiv e ly , th e  figure of 625 ac tiv e  m R N A  genes per haploid  genom e seem s low for 
th e  nu m b er of p ro te in s  expected . This figure how ever, rep resen ts  th e  m in im um  
nu m b er of genes w hich, tran sc rib ed  a t  m ax im u m  ra te  th ro u g h o u t th e  cell cycle 
w ould produce th e  labelling p a t te rn  observed. T he cell cycle p a t te rn  of m R N A  
syn thesis  would n o t be significantly  d is to rte d  if a sm all p ro p o rtio n  of to ta l  m R N A  
syn thesis  w as carried  o u t by  tra n sc rip tio n  of a large n u m b er of genes coding for 
m R N A . w hich were ac tiv e  for only  p a r t  o f th e  cycle or were tran sc rib ed  a t  a slow ra te .
(b) Gene number. R N A  synthesis and the control o f balanced, 
exponential growth
One reason  for m easuring  ra te s  o f R N A  syn thesis  th ro u g h  th e  cell cycle was to 
try  to  gain  an  u n d ers tan d in g  of th e  m echanism s contro lling  th e  ba lanced  dup lication  
of all cell com ponents du ring  each cell cycle. F o r ribosom al R N A , th e re  is a s tra ig h t­
forw ard link betw een gene num ber an d  th e  size o f th e  ribosom al popu la tion . R ep lica­
tio n  of th e  ribosom al genes once per cycle leads to  a doubling  in  th e  ra te  o f rR N A  
syn thesis  once per cycle (Fig. 7). As ribosom al R N A  can  be assum ed  to  be stable, 
th is  m u st lead to  a doubling in  rR N A  co n ten t per cell in each cycle. W e w ould expect 
rR N A  to  be accum ulated  linearly , w ith  a doubling  in th e  ra te  o f accum ula tion  a t  the 
tim e of th e  doubling in sy n th e tic  ra te . M itchison & C reanor (1969) have p o in ted  out 
th a t  such a linear ra te -ch an g e  p a t te rn  differs by  a m axim um  of on ly  3%  from  an 
exponen tia l increase in  c o n ten t w hich show s a doubling  in th e  ra te  o f accum ulation  
over one cell cycle. T he p a t te rn  of to ta l R N A  accum ula tion  show n in F ig u re  6 . which 
is close to  exponentia l, could clearly  also fit th e  linear ra te -ch an g e  m odel.
O ur resu lts  for po ly (A )+R N A  syn thesis  (Fig. 8 ) also suggest th a t  m ost o f these 
m R N A s are syn thesised  a t  a co n s tan t r a te  w hich doubles once p er cycle du ring  S 
phase. As th e  m R N A  is u n stab le , th is  p a t te rn  o f syn thesis  should  resu lt in a steady  
level o f m R N A  w hich should  double a f te r  th e  doubling  in  ra te  o f m R N A  synthesis 
du ring  S phase. O ur d a ta  on changes in  th e  co n ten t of po ly ad en y la ted  R N A  during 
th e  cell cycle (Fig. 8 ) are b road ly  in  ag reem ent w ith  th is  p red ic tion . F rom  th is  p a tte rn  
of m R N A  con ten t, we w ould expect th a t  s tab le  p ro te in s  should  be accu m u la ted  a t  a 
co n s tan t ra te  w hich doubles once per cell cycle. T he ra te  o f to ta l p ro te in  accum ulation  
du ring  th e  cell cycle in budd ing  y ea s t has n o t been m easured , b u t changes in  the 
ac tiv itie s  o f ind iv idual enzym es have been s tu d ied  in  deta il. I t  is su rp rising  th a t  not 
one of th e  m ore th a n  th ir ty  enzym es in v estig a ted  is accu m u la ted  in a linear m anner 
w ith  a doubling  in th e  ra te  o f accum ulation  once per cycle. M ost enzym es in budding 
yeast ap p e ar to  increase periodically  once per cycle, to  g ive a  ch a rac te ris tic  step  
p a tte rn  of enzym e a c tiv ity  (review ed by H alvo rson  el al., 1971). T his p a rad o x  m ight
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be explained if th e  enzym es in v estig a ted  were u n s ta b le : a doubling  o f th e  m essenger 
content would lead to  a doubled  ra te  o f enzym e syn thesis  an d  th u s  th e  es tab lish m en t 
of a new s te ad y -s ta te  enzym e co n cen tra tio n  a t  tw ice th e  prev ious level. This ex p lan a ­
tion, however, can be ru led  o u t for a t  leas t one enzym e, o rn ith in e  tran sam in ase , 
which was found to  be s tab le  for a t  least one cell generation  tim e (S ebastian  et al..
1973). F u rth e rm o re , th e  tim es o f th e  steps in ac tiv ity  for d ifferen t enzym es are no t 
clustered a t  any  p a rtic u la r  stage in th e  cell cycle, b u t a re  d is trib u te d  th ro u g h o u t th e  
cycle (Tauro et al.. 1969). C learly, periodic rises in enzym e a c tiv ity  do n o t bear an y  
simple rela tionsh ip  to  th e  doub ling  o f th e  ra te  o f poly(A) + R N A  syn thesis  show n 
here. The recen t d iscovery  in fission y ea s t o f m echanism s contro lling  p ro te in  syn thesis 
a t the tran s la tio n a l level (Creanor et al.. 1975; F raser, 1975) raises th e  possib ility  
th a t periodic enzym e syn thesis in b udd ing  y e a s t m ig h t resu lt from  periodic tran s la tio n  
rather th a n  from periodic tran sc rip tio n .
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R A T E S  OF S Y N T H E S I S  OF P O L Y A D E N Y L A T E D  
M E S S E N G E R  R N A  A N D  R I B O S O M A L  R N A  
D U R I N G  T H E  C E L L  C Y C L E  OF  
S C H I Z O S A C C H A R O M Y C E S  P O M B E  
W i t h  a n  A p p e n d i x
C A L C U L A T I O N  O F  T H E  P A T T E R N  O F  P R O T E I N  
A C C U M U L A T I O N  F R O M  O B S E R V E D  C H A N G E S  I N  T H E  
R A T E  O F  M E S S E N G E R  R N A  S Y N T H E S I S
R. S. S. F R A S E R  a n d  F. M O R E N O *
University of Edinburgh, Department of Zoology,
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S U M M A R Y
The rates of polyadenylated messenger RNA and ribosomal RNA synthesis were measured 
in synchronously dividing cultures of fission yeast (Schizosaccharomyces pombe). Control 
asynchronous cultures, which had been exposed to the conditions used for preparing syn­
chronous cultures, were investigated to check for effects of the synchronization procedure 
itself on RNA synthesis. After each period of D N A  synthesis in synchronous culture, the rates 
of messenger and ribosomal RN A  synthesis doubled, suggesting that gene num ber controls 
the rate of messenger and ribosomal RNA synthesis. This was confirmed by experiments with 
asynchronous, exponential-phase cultures in which D N A  synthesis was inhibited by hydroxy­
urea. Both synchronous culture and hydroxyurea experiments suggested that there is a delay 
of 15 min (o-i of the cell generation time) between replication of the D N A  and transcription 
of both gene copies.
A pattern of protein accumulation was calculated from changes in the rate of polyadenylated 
messenger RNA synthesis during synchronous culture. This sim ulated pattern indicates that 
protein is accumulated linearly, w ith a doubling in the rate of accumulation once per cell cycle. 
The simulated pattern of protein accumulation is very similar to measurem ents previously 
reported by other workers of changes in activities of 3 enzymes in synchronous cultures.
It is suggested that the doubling of the rate of messenger RNA synthesis, as a consequence 
of the replication of the D N A  once per cycle, provides the basis of a mechanism for control of 
the doubling of other cellular constituents during the cell cycle.
I N T R O D U C T I O N
E xponen tia l g ro w th  of eu karyo tic  cells involves th e  d o u b lin g , d u r in g  one cell 
cycle, o f th e  D N A  an d  all o th e r  ce llu lar co m p o n en ts , to  p ro d u ce  2 d a u g h te r  cells 
identical to  th e  p a re n t. T h e  m ech an ism s w h ich  co n tro l th e  b a lan ced  d u p lic a tio n  of 
cellular co m p o n en ts  o th e r  th a n  D N A  are n o t u n d e rs to o d . H ow ever, it is possib le
* Present address: Departam ento Interfacultativo de Bioquímica, Facultad de Medicina, 
Universidad de Oviedo, Oviedo, Spain.
th a t  the  d o u b lin g  of g en e  n u m b e r  d u rin g  D N A  rep lica tio n  m ay serve as a fram ew ork  
fo r th e  co n tro l o f d o u b lin g  of a t least som e o th e r  ce llu lar co m p o n en ts . I t  is th e re fo re  
of in te re s t to  exam ine changes in  th e  p a tte rn  o f gene ac tiv ity  d u r in g  th e  cell cycle by  
fo llow ing  ra tes o f m essenger R N A  syn thesis . S ince th e  d iscovery  th a t  m a n y  eukaryo tic  
m essenger R N A s con ta in  a po lyadeny lic  acid  seq u en ce  (D a rn e ll, W all & T u sh in sk i,
1971 ; Lee, lVIendecki & B raw erm an , 1 9 7 1 ; E d m o n d s , V au g h an  & N akaza to , 1971; 
M c L a u g h lin  et al. 1973) an d  th e  d ev e lo p m e n t o f m e th o d s  fo r th e  iso la tion  of th is 
p o ly ad en y la ted  m essen g er R N A  (E d m o n d s  & C aram ela , 19 6 9 ; A viv  & L e d e r, 1972), 
it has becom e possib le to  s tu d y  d irec tly  th e  ra te  o f sy n th esis  o f a defined  fra c tio n  of 
ce llu lar m essenger R N A .
W e have m e asu red  changes in  th e  ra tes  o f sy n th esis  o f m essenger an d  ribosom al 
R N A  in  sy n ch ro n o u sly  d iv id in g  cu ltu re s  o f th e  fission  yeast Schizosaccharom yces 
pombe. T h is  o rg an ism  w as chosen  fo r s tu d y  because  th e  p a tte rn s  o f increase  of 
several enzym es th ro u g h  th e  cell cycle have  b ee n  s tu d ie d  in  deta il (M itc h iso n  & 
C rean o r, 1969). K n o w led g e  o f changes in  th e  ra te  o f m essen g er R N A  synthesis 
d u r in g  th e  cell cycle enab les u s  to  re la te  th e  changes in  ac tiv ity  o f th ese  enzym es to 
gene  n u m b e r.
M A T E R I A L S  A N D  M E T H O D S  
Y east and  culture conditions
Schizosaccharomyces pombe Lindner, Strain N .C .Y .C . 13 2 ; A .T .C .C . 24751 was grown in a 
minimal medium E M M  2 (Mitchison, 1970) at 32 °C. Cultures of 200-2000 ml were grown in 
conical flasks on a rotary shaker operating at 220 rev. m in” 1 ; 20-I. cultures were stirred by a 
motor-driven propellor. Cell growth was followed by measuring absorbance of cultures at 
595 n m .
U ptake and  incorporation o f  [2 -3H \aden ine
One-millilitre samples of culture were added to 3-3 /tCi [2-'iH]adenine (Radiochemical 
Centre, Amersham, U .K .;  sp. act. 22 Ci. m m ol- 1) and 1 fig  non-radioactive adenine, and 
incubated for 5 min at 32 °C.
For adenine uptake measurements, 5 ml ice-cold water containing too fig  m l“ 1 non­
radioactive adenine were added to the incubation. T h e cells were collected by filtration on 
Whatman G F /A  glass-fibre paper, washed 3 times with 5 ml cold adenine solution, then 
:>H -radioactivity on the dried filters was measured by counting in 5 ml 0-5 %  (w/v) butyl- 
PBD-toluene scintillator.
For measurement of adenine incorporation, 5 ml ice-cold 10  %  (w/v) CCI3COOFI containing 
too fig  m l” 1 non-radioactive adenine were added to the incubation. T h e cells were collected by 
filtration, washed 3 times with 5 ml C C l3CO O H  solution and radioactivity incorporated into 
acid-insoluble material determined by scintillation counting as above.
Synchronous cultures
Cells were harvested by filtration on Whatman N o. 50 paper from 10-20  1. o f exponential- 
phase culture grown to a cell concentration of 4 x io 6 m l” 1. Small cells near the beginning of 
the cell cycle were selected by centrifugation on sucrose gradients (Mitchison & Vincent, 1965) 
and were re-inoculated into fresh E M M  2 to give a cell concentration of 1 —1-5 x IO'' m l” 1. 
Progress of division in synchronous cultures was followed by monitoring the percentage of 
cells with a cell plate, which appears shortly before cell division.
Asynchronous control cultures were prepared to check for artifacts introduced by the
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synchronization procedure. Cells were fractionated on sucrose gradients as above, then the 
gradients were m ixed thoroughly before taking a sample containing cells at all stages of the cell 
cycle as inoculum for the asynchronous culture. Alternatively, cells from an asynchronous, 
exponential-phase culture were collected by filtration and resuspended in culture medium 
containing 2 7 %  sucrose for 15  min before reinoculation.
Radioactive incubations
At 20-min intervals after inoculation of the synchronous or asynchronous control cultures, 
samples of 60-100 ml, containing 1 - 2  x io 8 cells, were mixed with 3-3 /¿Ci m l- 1 [2-:lH]adenine 
for a 10-min pulse incubation. T h e adenine pool in fission yeast is expandable, and adenine 
uptake is extremely rapid (Cummins & M itchison, 1967). In  most experiments, the total 
adenine concentration of the pulse-incubation medium was raised to 1 /tg m l '1 by addition of 
non-radioactive adenine. Under these conditions, the concentration of adenine in the medium 
did not change significantly during the pulse incubation: less than 10 %  of the total adenine 
supplied was taken up by the densest cultures labelled.
As one approach to testing whether the rate of adenine uptake controlled the rate of incor­
poration, we also pulse-labelled one culture with 3-3 /tCi m l '1 [2-:,H]adenine at a total 
adenine concentration of 0-03 /tg m l '1. Under these conditions, almost all o f the adenine 
supplied was taken up by the cells during the pulse incubation, and uptake per ml culture 
remained constant during culture growth. A ll adenine incorporation results obtained under 
these labelling conditions were corrected to allow for this exhaustion of the adenine supply by 
dividing each incorporation value by the level of adenine uptake per cell for that pulse incuba­
tion. The effect of this procedure is to produce a curve for changes in adenine incorporation 
during culture growth which would result if adenine uptake per cell remained constant.
After the 10-m in pulse incubation, the sample was chilled by addition of crushed ice. The 
ceils were collected by filtration on Oxoid 6-cm diameter o-45-/tm pore-size filters, and resus­
pended in 5 ml ice-cold extraction medium (2 %  (w/v) sodium tri-isopropylnaphthalene sul- 
phonate in i o m M  N aC l; 50 m M  T ris-H C l, pH 7-8) and stored frozen at — 20 °C. Control 
experiments showed that incorporation of adenine into nucleic acids ceased immediately on 
chilling the culture.
The cell suspension was thawed at o °C. Ten-m icrolitre samples were dried on Whatman 
GF/A paper and counted in butyl-PBD-toluene scintillator as above to measure adenine 
uptake. Ten-m icrolitre samples w'ere m ixed with 5 ml ice-cold 10 %  C C l3CO O H  containing 
100 /ig ml 1 adenine. T h e cells were collected by filtration, washed 3 times with 5 ml C C l3CO O H  
solution and total adenine incorporation determined by scintillation counting as above. One- 
hundred-microlitre samples of cell suspension were diluted with 5 ml 0-9%  (w/v) N aCl. The 
cells were separated by sonication for 75 s in the M .S .E . sonicator, further diluted with saline, 
and cell number was determined using a Coulter Counter. Suspension of cells in extraction 
medium and freezing did not influence the cell number determination.
Extraction o f  nucleic acids
Total nucleic acid wras extracted from the remainder of the cell suspension. The cells wrere 
broken by agitation with 2 g of glass beads (40 mesh) for 5 min in a Vibrom ixer (Shandon 
Scientific) and nucleic acids were extracted and deproteinized by successive phenol/chloroform 
treatments as explained in detail elsewhere (Fraser, Creanor & M itchison, 1973 ; Fraser, 1975). 
The extracted nucleic acids were ethanol-precipitated and further purified by 3 cycles of 
reprecipitation from 0-5%  (w/v) sodium dodecyl sulphate in 150 m M  sodium acetate pH  6-o 
by 2-5 volumes of ethanol (Loening, 1969). T h e nucleic acids were stored as a precipitate in 
8o°„ ethanol; o-i %  sodium dodecyl sulphate; 30 m M  sodium acetate, pH  6-o, at 4 °C .
A  portion of the nucleic acid precipitate was collected by centrifugation at 2000 g  for 5 min, 
then hydrolysed in 2-5 ml 0-5n H CIO , at 70 °C  for 20 min. The ultraviolet absorption spec­
trum of the hydrolysate was measured in the Unicam  SP800 recording spectrophotometer. 
Nucleic acid concentration w'as calculated from the absorbance at 260 nm, using a molar 
absorption coefficient of 12400 m _1 cm “ 1, calculated for a solution of equal molar quantities of 
the 4 ribonucleotides at acid pH. In  fission yeast, about 99 %  of the total nucleic acid is R N A ;
the absorption spectra therefore provided values for R N A  per ml culture. T h e total yield of 
nucleic acid from each incubation was within the range 150 to 300 /tg.
M easurem ent o f  D N A  synthesis
T w o equal aliquots of nucleic acid suspension were sedimented at 2000 g  for 5 min. One 
was incubated with 0 5 ml im  I\O H  at 45 °C  for 12  h to hydrolyse R N A . The other was 
washed with 1 ml 70 %  ethanol; o-i m N aCl, to remove sodium dodecyl sulphate, then 
dissolved in o*i ml 30 mM 2-(iV-morpholino)ethanesulphonic acid, pH  7-0; 2 mM magnesium 
acetate. DN ase (Sigma, electrophoretically purified) was added to 10  /tg m l '1 and D N A  was 
digested for 30 min at 20 °C. The sample was then digested with IvOH as above.
S ixty per cent H CIO , was added to each sample to reduce the pH  to 1 and to precipitate 
K C IO , as carrier, then 0-5 ml 10 %  C C 13 CO O H  containing 100 /tg m l“ 1 adenine was added. 
Acid-insoluble material was collected by filtration on Whatman G F /A  glass-fibre paper, 
washed 3 times with ice-cold C C l3CO O H  solution and radioactivity on the dried filters was 
determined as above. Radioactivity incorporated into D N A  was calculated by subtracting the 
radioactivity of the DN ase +  KOFI-digested sample from  the radioactivity of the parallel, 
KO H -digested sample. A t the m id-point of the period of D N A  synthesis in synchronous 
cultures, about 90 ° 0 of the KO H -resistant radioactivity was rendered acid-soluble by the 
D N ase treatment.
The ‘ specific activity ’ o f the D N A  was expressed as D N A  radioactivity per unit total 
nucleic acid in the sample. T h e specific activity could not be expressed as radioactivity per 
unit weight of D N A , as the amount of D N A  in the samples was too small to measure accurately.
Syn thesis  o f  po lyadenyla ted  messenger R N A
M essenger R N A  containing a polyadenylic acid sequence (poly(A)+m RN A ) was isolated 
from total nucleic acid using the specific binding of the poly(A) sequences, at high salt con­
centration, to the complementary homopolynucleotide oligodeoxythymidylic acid (oligo(dT)), 
immobilized on cellulose (Edmonds & Caramela, 1969; A viv & Leder, 1972). Between 5 and 
10  /tg total nucleic acid were sedimented and dissolved in 0-5 ml binding buffer (400 mM N aCl; 
10  mM T ris-H C l, pH 7-8; 1 mM E D T A ; 0-2%  sodium dodecyl sulphate) and mixed with 
20 mg oligo (dT) cellulose (Collaborative Research Inc., Waltham, M ass., U .S .A .; binding 
capacity 100 A.260 units poly(A) g “ 1) for 30 min at 20 °C . T h e oligo (dT) cellulose was sedimented 
at 10000 g  for 1 min, then washed 5 times with 0 5 ml of binding buffer to remove non- 
specifically bound nucleic acids. The oligo (dT) cellulose was then washed 4 times with 0-25 ml 
of elution buffer (Binding buffer minus N aCl) to release the poly(A)+m R N A .
T o  determine the total radioactivity of the poly(A)+m R N A , the combined elution buffer 
washes were dried at 70 °C  in scintillation vials, then hydrolysed in 0-3 ml 0-5 M H C 10.( at 
70 °C  for 20 min. Seven millilitres of water-miscible scintillator (0-3%  (w/v) butyl P B D ; 
4 0 °„  (v/v) 2-methoxyethanol; 6 0%  (v/v) toluene) were added and poly(A )+m RN A  radioac­
tivity determined by scintillation counting. Correction of counts tvas by external standard 
counting, calibrated by addition of [:jH]toluene to a range of samples with different degrees of 
quenching. The ‘ specific activ ity ’ of the poly(A)+m R N A  was expressed as radioactivity per 
unit weight total nucleic acid fractionated on oligo(dT) cellulose, since the actual weight of 
poly(A)+m R N A  prepared by binding to oligo(dT) cellulose was too low to measure.
Examples of fractionations on sucrose gradients of fission yeast poly(A)+m R N A  samples are 
published elsewhere (Fraser, 1975 ). The poly(A)+m R N A  sediments on gradients to give a 
polydisperse distribution, ranging from 6 to over 30 s, with a broad peak around 12  s. There 
is no sign of contamination of the p o ly iA JT n R N A  by ribosomal or transfer R N A s.
Specific a c tiv ity  o f  ribosomal R N A
T en  microgrammes of total nucleic acid were fractionated on a 2-5 %  polyacrylamide gel 
for 2*3 h at 5 m A  per gel, 8 V  cm “ 1 gel length (Loening, 1967). The gels were scanned for 
absorbance at 265 nm in a Joyce Loebl Gel Scanner. T h e weight of ribosomal R N A  present on 
the gels was found, in relative units, from the areas of  the peaks for 25 s and 18 S rR N A s on
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the absorbance scan. Peak area is linearly proportional to weight of R N A  present (Fraser, 19 71). 
The gel was frozen in solid C 0 2 and sliced transversely at i-o-mm  intervals. Each slice was 
incubated with 0-3 ml 0-5 M HCIO., at 70 °C  for 20 min to hydrolyse the R N A ; 7 ml of water- 
miscible scintillator were added and the radioactivity in each slice determined by scintillation 
counting. The total radioactivity of ribosomal R N A  was calculated by addition of the radio­
activities of the individual gel slices in the rR N A  radioactivity peaks, after subtracting the 
background, polydisperse radioactivity. Radioactivity in the rR N A  precursor was included in 
the total rR N A  radioactivity. T h e specific activity of the rR N A  was calculated as total rR N A  
radioactivity divided by the combined areas of the 25 and 18 s rR N A  absorbance peaks. U ltra­
violet absorption and radioactivity scans of gels which illustrate the measurement of rR N A  
amount and radioactivity by this method are published elsewhere (Fraser & Loening, 1974).
r e s u l t s
A rtifacts caused by the synchroniza tion  procedure
It is essential w hen preparing synchronous cultures by a selection technique to 
check that the conditions of selection do not them selves induce changes which could 
be mistaken for cell-cycle related events. T h e  disturbing factors to which yeast cells
Time, h
Fig. 1. Changes in optical density at 595 11m ( A — A ) and in rates of adenine uptake 
(O — O ) and incorporation (@ —  •  ) ( io - '1 x cpm m l '1) in an asynchronous culture of 
fission yeast. Cells from an exponential-phase culture were fractionated on a 10-40 % 
sucrose gradient (Mitchison & Vincent, 1965). The gradient was shaken after centri­
fugation and cells from all stages of the cell cycle re-inoculated into fresh medium. 
Samples were pulse-labelled for 5 min with 3-3 /(Ci m l- 1  [2-3H]adenine at a total 
adenine concentration of 1 /fg m l- 1 .
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were exposed during selection synchronization included concentration by filtration, 
centrifugation, high sucrose concentration and re-inoculation into fresh  culture 
m edium . T h e  two m ethods used to prepare asynchronous control cultures together 
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Fig. 2. Changes in specific activity of rR N A  ( A — A ) (relative units) and poly(A)+ 
m R N A  ( # —  # )  (io  'x c p m  /tg_1 total nucleic acid) in an asynchronous culture of 
fission yeast. Cells from an exponential-phase culture were harvested and resuspended 
in medium containing 27 %  sucrose for 15  min, then re-inoculated into conditioned 
culture medium. Samples of the culture were pulse-labelled for 10  m in with 3-3 /tCi 
m l-1 [2-3H ]adenine; 1 fig  m b 1 total adenine concentration, every 2c min during culture 
growth.
Fig. i shows changes in optical density, adenine uptake and incorporation rates in 
an asynchronous control culture inoculated with cells from  a shaken sucrose density 
gradient. T h e  rate o f increase o f optical density of the culture was low for the first 
45 min, then optical density rose at a rate corresponding to a cell doubling time of 
145 min, which is the time in normal exponential culture. T h e  rates of adenine uptake 
and incorporation were low for the first 30 min, then rose exponentially until at least
4-5 h after inoculation. T h u s the process o f synchronization appeared to reduce 
growth o f the culture for about the first 30 min after inoculation. T h ere  was no sign 
of any periodic changes in the rates of adenine incorporation or uptake during the 
period from  30 min to the end o f the experim ent. H ow ever, during this period the 
rates of increase o f adenine uptake and incorporation were greater than the rate of 
increase o f the optical density of the culture. In  an asynchronous culture undergoing 
balanced exponential grow th, the rates of increase should be identical. T h e  explanation 
of this discrepancy is that adenine uptake rises with decreasing pH  of the culture 
medium (R . S . S . Fraser, unpublished results). F resh  E M M  2, into w hich the cells 
were inoculated, has a pH  of 5-3 ; during grow th of the culture the pFI falls to about 4-6.
T h e  effects of the synchronization procedure on synthesis of specific types o f R N A  
were also exam ined. Cells from  an exponential-phase culture were concentrated, 
suspended at high concentration in 2 7 %  sucrose for 15  m in, then re-inoculated into 
conditioned culture m edium ; 2 7 %  sucrose was used as it is the concentration of 
sucrose in the region o f sucrose gradients from  which cells are taken for inoculation
of synchronous cultures. T h e  length o f exposure to this sucrose concentration was 
the time required to load, centrifuge and fractionate a gradient. A t intervals after re­
inoculation o f the asynchronous control culture, sam ples were pulse-labelled for 
10 min with [2-3H ]adenine, and the specific activities o f p o ly(A )+m R N A  and rR N A  
were determ ined. In  asynchronous, exponentially grow ing cultures, the specific 
activities o f pulse-labelled R N A  fractions should rem ain constant w ith time. F ig . 2 
shows that the specific activity of the rR N A  rose for 30 m in, then rem ained constant. 
T h is result is consistent w ith the changes in rate o f adenine incorporation in the 
asynchronous control culture inoculated with cells from  a shaken sucrose gradient 
(Fig. 1). T h e  specific activity o f the p o ly(A )+m R N A  did not becom e constant until
1-5 h after re-inoculation. T h e  synchronization procedure therefore causes a depres­
sion of both rR N A  and po ly(A )+m R N A  syntheses; p o ly(A )+m R N A  synthesis takes 
much longer to recover. In  some experim ents we found that the initial depression of 
rR N A  synthesis was m uch greater than o f poly(A )+m R N A , but recovery to a normal 
rate of rR N A  synthesis still took only 30-60  min.
Changes in R N A  synthesis during grow th  o f  synchronous cultures
Fig. 3 shows changes in cell num ber and cell plate index in a typical synchronous 
culture. T h e  first division occurred between 2 and 3 h ; the second between 4 and 5 h. 
Peaks of cell plate index at 2 h and 4 h 20 m in were slightly in advance o f the increases 
in cell num bers. T h e  curve for I )N A  specific activity show s that D N A  synthesis 
occurred in 2 periods, between 2 and 3 h, and between 4 and 5 h. T h is  is consistent 
with previous results obtained b y m easuring total D N A  by the diphenylam ine method, 
which showed that the period o f D N A  synthesis (5-period) coincides with cell division 
(Bostock, D onachie, M asters &  M itchison, 19 6 6 ; M itchison &  Creanor, 19 7 1« ) , T h e  2 
horizontal lines labelled 51 and 511 in F ig . 3 c show  the times o f the first and second 
periods of D N A  synthesis in the culture. T h ese lines are reproduced in later figures 
showing changes in rates of R N A  synthesis in the culture. Because of the im perfect 
synchrony o f the culture, the duration o f 5-period in the entire culture w ill be longer 
than the duration of 5 in the individual cell.
Fig. 4A shows changes in total nucleic acid per ml culture during grow th o f the 
synchronous culture. T h ere  is considerable scatter of points, as the yield o f nucleic 
acids b y the phenol-detergent extraction method is variable. T h is  is entirely a conse­
quence of variable degrees of breakage o f cells during the extraction. T ota l nucleic 
acid per ml culture increased approxim ately exponentially, with a doubling time 
equal to the cell generation time.
Fig. 4B shows that rates o f uptake and incorporation o f [2-3PI]adenine changed in a 
periodic manner during growth of the synchronous culture. T h e  portion o f the 
curves drawn in broken lines at the start o f culture indicates those points w hich were 
probably depressed by the effects o f the synchronization conditions (Fig . 1). W hile 
the pattern o f periodic change is the same for uptake and incorporation, we con­
sistently found that the tim ings o f the changes were different, w ith incorporation 
changing about 15  min before uptake.
Changes in the specific activities of pulse-labelled rR N A  and poly(A )+m R N A  in
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2 synchronous cultures are shown in F ig . 5. T h e  results are expressed as specific 
activities to elim inate variation arising from  differences in efficiency o f extraction of 
nucleic acids. P o ly (A )1 m R N A  specific activity was fairly  constant until the m iddle of 
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Fig. 3 . Changes in A, cell number per m l; B, percentage of cells with a cell plate, and 
c, specific activity of D N A  (cpm /¿g_1 total nucleic acid), in a synchronous culture. 
Samples of culture were labelled for 10 min with 3-3 f i d  m l '1 [2-3H ]adenine ; 1  ftg 
m l-1 total adenine concentration. The horizontal bars 51  and 511 in C indicate the 
durations of the first and second periods of D N A  synthesis in the culture.
between the first and second 5-periods. A  second rise in poly(A )+m R N A  specific 
activity occurred late in the second S-period. rR N A  specific activity was initially 
very  low in both cultures, but rose rapidly, then declined during most of the first
5-period. Late in the first 5-period, rR N A  specific activity rose, then declined again 
between the first and second 5-periods, and during most o f the second 5-period. Late 
in the second 5-period the specific activity o f rR N A  again rose. Each rise in rR N A
specific activity during S  was later than the corresponding rise in the specific activity 
of p o ly(A )' m R N A .
T h e culture shown in F ig . 5 a  was labelled at a total adenine concentration of 
1 //g m l '1 ; that shown in F ig. 5B with 0-03 ,//g m l- 1 , and the results were corrected 
for exhaustion o f adenine during the pulse as explained in M aterials and m ethods. It 
is clear that the patterns of changes in specific activities o f R N A  in the 2 cultures 
were sim ilar, despite the different labelling conditions.
The rises in specific activities of pulse-labelled poly(A )+m R N A  and rR N A  after 
commencement of D N A  synthesis suggest a connexion between D N A  content and 
rate of R N A  synthesis. H ow ever, the expression o f the data as specific activities,







Fig. 4. Changes in a, total phenol-detergent extracted nucleic acid per ml culture; 
and b, incorporation ( • — # )  and uptake (O — O ) (io~* x cpm m l '1) o f [2-3H]adenine 
during growth of a synchronous culture. Samples of culture were pulse-labelled for 
10 min with 3-3 fiC'i m l '1 [2-3H]adenine and 1 fig m l '1 total adenine concentration. 
51  and 511 indicate the times of the first and second periods of D N A  synthesis; 
CP I and CP II show times of first and second peaks of cell plate index (from Fig. 3).
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Fig. 5. Changes in specific activities of rR N A  ( A — A ) (relative units) and poly(A)+ 
m R N A  (0 —  0 )  ( io -2 x  cpm fig - 1  total nucleic acid) during synchronous cultures o f 
fission yeast. The vertical lines and cross-bars on the poly(A)+m R N A  points show the 
standard errors of the means. Each point is the mean of 6 determinations by oligo(dT)- 
cellulose fractionation. 51  and 511 show the times of the first and second periods of 
D N A  synthesis in each culture, determined as shown in Fig. 3 c. C P I and C P U  indi­
cate the times of the first and second peaks of cell plate index. T h e results shown in a 
are from a culture pulse-labelled with 3-3 /tCi m l-1 [2-:1H]adenine and a total adenine 
concentration of 1 fig  m l- 1 . In B, samples of culture were pulse-labelled with 3-3 f i d  
m b 1 [2-:iH]adenine and a total adenine concentration of 0-03 fig  m b 1. T h e results 
shown in B have been corrected for exhaustion of adenine in the pulse medium by 
dividing each incorporation value by the level of adenine uptake per cell at the time 
of the pulse.
while avoiding variation arising from  different efficiencies o f extraction o f nucleic 
acids, does not make im m ediately apparent the full relationship of the rate o f R N A  
synthesis to the occurrence and tim ing o f D N A  synthesis. T o  investigate this relation­
ship, the prim ary data can be transform ed in 2 ways. F irstly , the rate o f po ly(A )+ 
m R N A  synthesis per ml culture can be calculated by m ultiplying the specific activity 
(cpm /tg- 1  total nucleic acid) by the value for total nucleic acid per ml culture at the
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Fig. 6. Changes in the rate of rR N A  synthesis ( A — A ) (relative units) and poly(A)+- 
m R N A  synthesis (0 —  0 ) ( io -3 x  cpm) per ml culture during synchronous culture, cal­
culated from changes in specific activities of rR N A  and poly(A)+m R N A  shown in 
Fig. 5 A and changes in total nucleic acid extracted per ml culture shown in Fig. 4 A.
51  and 511 show the times of the first and second periods of D N A  synthesis; C P I 
and C P U , the times of the first and second peaks of cell plate index (from Fig. 3c ,
B, r e sp e c t iv e ly ) .
time of the pulse incubation. Specific activity data for rR N A  can be sim ilarly treated 
to give rate o f rR N A  synthesis per ml culture. W e have taken values for total nucleic 
acid per m l culture from  the line calculated to give the best fit to the experim ental 
points in F ig . 4 a , rather than using the actual determ ined values. T h is  avoids varia­
tion from differences in the efficiency o f extraction o f nucleic acids.
Fig. 6 shows changes in the rates o f p o ly(A )+m R N A  and rR N A  synthesis per ml 
culture, calculated from  the changes in specific activities in the synchronous culture 
shown in F ig . 5 a . T h e  initial rate o f rR N A  synthesis was very  low, a consequence of 
the transitory depression o f rR N A  synthesis by the conditions o f synchronization 
(Fig. 2). Poly(A )+m R N A  synthesis was also depressed in the early stages of culture
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by the synchronization procedure: the extent o f this depression w ill be shown more 
clearly below.
Follow ing the com m encem ent o f the first ¿ ’-period, the rates of synthesis of both 
rR N A  and poly(A )+m R N A  doubled. Between the first and second ¿ ’-periods, the 
rates of synthesis o f both types o f R N A  rem ained constant. A fter the beginning o f the 
second ¿-p erio d , the rate of po ly(A )+m R N A  synthesis per m l culture again doubled; 
rR N A  synthesis also increased. T h e  doubling o f rates o f R N A  synthesis during 









Fig. 7. Changes in D N A  content (relative units) per ml culture ( A —  A),  calculated 
from the D N A  specific activity changes during synchronous culture shown in Fig. 
3 c.  ( 9 — # ) ,  observed changes in poly(A)~m RN A  specific activity ( io “ :i x cpm /1 g _1 
total R N A ) during synchronous culture (from Fig. 5 a); (O — OX calculated changes 
in m R N A  specific activity (relative units) where the rate of m R N A  synthesis is con­
trolled only by gene number.
A  more sensitive test of the relationship of p o ly(A )+m R N A  synthesis to the occur­
rence and tim ing o f D N A  synthesis is obtained by calculating a curve for changes in 
m R N A  specific activity which would be produced if  gene num ber alone were con­
trolling the rate of R N A  synthesis. From  the changes in D N A  specific activity during 
synchronous culture (Fig . 3 c), we obtain a curve for D N A  synthesis per ml culture by 
m ultiplying the specific activity (cpm /ig“ 1 total nucleic acid) by total nucleic acid 
m l“ 1 at the time of the pulse incubation (from F ig. 4 a). Integration o f the curve for 
D N A  synthesis per ml culture over successive time increm ents gives a curve for D N A  
content per ml culture. T h e  amount of D N A  at time o is taken to equal the increment 
in D N A  during the first ¿ ’-period. T h is  curve is shown in Fig. 7. I f  the rate o f m R N A
synthesis is controlled only by gene num ber, the am ount o f m R N A  synthesized in 
any time period is proportional to the average D N A  content during that period. 
D ividing this figure for synthesized m R N A  by the total nucleic acid per ml culture 
at this tim e gives a curve o f changes in m R N A  specific activity where m R N A  synthesis 
is limited only by gene num ber. T h is  theoretical specific activity curve (Fig . 7) rises 
during periods of D N A  synthesis, and falls between ¿-p erio d s, as total nucleic acid 
accumulates. T h e  am plitude o f the periodic fluctuation gradually decreases, reflecting 
the gradual loss o f synchrony of division and D N A  synthesis in the culture.
It is clear that the calculated changes in m R N A  specific activity are broadly sim ilar 
to the experim entally m easured changes in po ly(A )+m R N A  specific activity (F ig . 7). 
Flowever, there are 2 im portant differences between the 2 curves. In the first 1-5 h 
of culture, the pattern o f changes in the experim ental data is very different from  that 
of the calculated data; the experim ental values are lower than expected. T h is  is a 
consequence o f the depression o f early poly(A )+m R N A  synthesis by the synchroniza­
tion procedure (F ig . 2). Secondly, w hile thereafter the periodic fluctuations of 
experimental and calculated specific activities w ere sim ilar, attempts to superim pose 
the calculated data on the experim ental data consistently showed that the changes in 
the experim ental curve were about 15  min later than the corresponding changes in 
the calculated curve. T h is  suggests that while the rate o f po ly(A )+m R N A  synthesis 
may be basically regulated by gene num ber, there is a short delay between the replica­
tion of the D N A  and the transcription o f both copies o f the gene. A n alternative 
explanation is that D N A  which is actively transcribed may be replicated late in the 
¿-period, but this is made unlikely by the evidence to be discussed below.
R N A  synthesis a fter inhibition o f  D N A  synthesis
The results described above suggest a dependence of R N A  synthesis rate on gene 
number, but do not establish a causal relationship. Further evidence for the control 
of the rate of po ly(A )+m R N A  synthesis by gene num ber, and for the 15 -m in  delay 
between D N A  replication and transcription of both gene copies, comes from  experi­
ments w ith asynchronous, exponential-phase cultures in w hich D N A  synthesis was 
inhibited. T h e  rate o f poly(A )+m R N A  synthesis in control cultures rose exponen­
tially, at the sam e rate as cell growth (F ig . 8). T w elve  m illim olar hydroxyurea was 
added to one h alf of the culture to inhibit D N A  synthesis (M itchison &  Creanor, 
19 7 ib ) .  W ithin 5 min of adding the inhibitor, the specific activity o f D N A  after a 
pulse-label with [2-3H ]adenine was one-quarter that in the control, and no significant 
pulse-labelling o f D N A  was detectable by 10  min after addition o f hydroxyurea. T h e  
rate of po ly(A )+m R N A  synthesis in hydroxyurea-treated cells rose at the sam e rate 
as in control cultures for 15 -2 0  m in, then becam e stable for at least 1 h. B y  100 min 
after addition o f hydroxyurea, there was again a sm all rise in the rate o f poly(A)+ 
m R N A  synthesis. T h e  rate o f uptake o f adenine by hydroxyurea-treated cells rose at 
the same rate as in control cells for about 50 min, then became constant. T h is  suggests 
that the effects o f hydroxyurea on labelling of poly(A )+m R N A  were not m erely a 
consequence o f an effect o f the inhibitor on isotope uptake, but were an effect on 
poly(A )+m RN A  synthesis. O verall cell growth, m easured by increase in the optical
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Fig. 8 . a , changes in the rates of adenine uptake ( A> A)  ( io -5 x cpm m l- 1 ) and poly- 
(A)+m R N A  synthesis (O.  • )  ( i o ' 1 x cpm m l- 1 ) in asynchronous, exponential cul­
tures of fission yeast; 12  m M  hydroxyurea was added to one half of the culture at 
40 min. Results from the control culture are shown ( A,  O) ;  and from the hydroxy­
urea-treated culture ( A,  • ) •  Horizontal bars and vertical lines on the points for 
poly(A)+m R N A  synthesis indicate the standard errors of the means. Each point is 
the mean of 6 determinations by oligo(dT) cellulose fractionation. B, changes in 
optical density at 595 nm, of the control culture ( □ )  and the hvdroxvurea-treated 
culture ( ■ ) .  c ,  changes in total adenine uptake ( i o '5 x cpm m l“ 1), and D, adenine 
incorporation ( io “ 4 xcp m  m l“ 1), in a separate experiment from A and B: (A,  □ ) ,  
control cultures; (A , ■ ) ,  cultures to which 12  m M  hydroxyurea was added at 40 min.
density o f the culture, was not affected by hydroxyurea w ithin the time o f the experi­
ment.
T h e change from  an exponentially increasing rate o f po ly(A )+m R N A  synthesis to 
a constant rate after addition o f hydroxyurea to inhibit D N A  synthesis confirm s that 
synthesis o f p o ly (A )1 m R N A  is controlled by gene num ber. T h e  15 -2 0 -m in  delay 
between addition o f the inhibitor and the onset o f a constant rate of po ly(A )+m R N A  
synthesis again suggests that there is a short delay between gene replication and a 
doubled rate o f transcription. T h e  late recovery in rate o f po ly(A )+m R N A  synthesis 
in hydroxyurea-treated cells probably occurred because the inhibition o f D N A  
synthesis by hydroxyurea in fission yeast is not perm anent (M itchison &  Creanor, 
19716).
In a separate experim ent, the rate o f total R N A  synthesis becam e constant 10 -  
15 min after addition of hydroxyurea (Fig . 8 d ) .  In  this case the adenine uptake rate 
increased at the same rate as in control cells for 30 m in after addition o f hydroxyurea, 
then became stable (Fig . 8c).
D I S C U S S I O N  
Cell cycle analysis
The m easurem ent o f changes in the rate o f R N A  synthesis during the cell cycle 
using selection-synchronized cultures has one disadvantage. T h e  synchronization pro­
cedure itself seriously affects R N A  synthesis, especially poly(A )+m R N A  synthesis, 
and these artifacts m ust be investigated before interpreting changes in relation to the 
cell cycle. W e have shown that the first cell cycle in synchronous culture, that is the 
period from inoculation to the first division, is subject to these artifacts. Th ereafter, 
the changes observed can be taken to be cell cycle-related events.
A  better approach to investigation o f changes in R N A  synthesis during the cell 
cycle would be to pulse-label an asynchronous, exponentially grow ing culture, then 
separate cells by cell volum e, hence stage in the cell cycle, by zonal centrifugation 
(Carter, Sebastian &  Flalvorson, 19 7 1) . W e have used this method in a parallel study 
of R N A  synthesis during the cell cycle in the budding yeast Saccharom yces cerevisiae 
(Fraser &  Carter, 1976). H ow ever, for our study o f fission yeast, synchronous cultures 
were chosen, because previous investigations o f changes in enzym e activity were 
carried out with synchronous cultures; it was our aim to correlate gene num ber, 
messenger R N A  synthesis and patterns of enzyme activity.
Throughout these experim ents, we have assumed that the rate of incorporation o f 
[2-3H]adenine into R N A  is a m easure o f the rate of R N A  synthesis, and that changes 
in the rate of incorporation do not m erely reflect changes in the rate of adenine uptake 
or precursor pool specific activity. W e have several reasons for concluding that incor­
poration rate is a true m easure of synthesis. F irstly, where incorporation and uptake 
rates were followed in synchronous cultures or after addition of hydroxyurea, both 
uptake and incorporation displayed the same overall pattern o f changes. H ow ever, 
changes in uptake rate were alw ays later than corresponding changes in rate of in­
corporation. T h is  suggests that uptake rate is determ ined by the rate o f incorporation,
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and not vice versa. Secondly, in synchronous cultures, the rise in specific activity of 
po ly(A )+m R N A  during 5-period was consistently earlier than the rise in rR N A  
specific activity (Fig . 5). It is difficult to reconcile this difference with a situation where 
incorporation is controlled by uptake rate or precursor pool specific activity, unless 
there are separate precursor pools for 111R N A  and rR N A . T h ird ly , the size o f the 
adenine-labelled acid-soluble pool, as a proportion of cell dry m ass, rem ains essen­
tially constant during the cell cycle (M itchison, Cum m ins, G ross &  Creanor, 1969). 
F inally , the same basic patterns o f changes in specific activities of po ly(A )+m R N A  
and rR N A  were found when synchronous cultures were labelled with high or low 
adenine concentrations. A t the high adenine concentration, the am ount o f uptake 
depended on the activity of the adenine uptake m echanism  o f the cells. Results from 
the culture labelled at the low adenine concentration w ere expressed so as to show the 
incorporation pattern in an artificial situation where uptake per cell rem ained constant 
during culture. T h e  effect of this is to n u llify  any effects of changes in uptake rate 
on the rate o f incorporation.
r R N A  synthesis during the ceil cycle
In  synchronous cultures, the specific activity o f pulse-labelled rR N A  rose after 
com m encem ent of the period of D N A  synthesis. T h e  rate o f rR N A  synthesis per ml 
culture doubled at the end of the first 5-period, and began to rise again late in the 
second 5-period. Experim ents with h ydroxyurea, show ing that the rate of total R N A  
synthesis became stable after inhibition o f D N A  synthesis, suggested that the doubling 
during synchronous culture of the rate of rR N A  synthesis was a result o f the increase 
in D N A  content. T h ese results confirm  earlier experim ents w ith 5. ponibe by W ain & 
Staatz (19 73) which showed a rise in the rate of labelling of total, long-pulse-labelled 
R N A  at about the time of D N A  synthesis.
T h e  rR N A  in 5. povihe  in exponential grow th is essentially stable (Fraser, 1975)- 
T h erefore a doubling o f the rate o f rR N A  synthesis once per cycle w ill lead to a 
doubling of rR N A  content over one cell cycle. T h is  provides a basis for control ot 
the doubling of the size of the ribosom al population in each cell cycle.
T h e  rise in specific activity of rR N A  during 5 consistently occurred later than the 
rise in specific activity of p o ly ^ j+ m R N A . T h is  m ay mean that the D N A  coding for 
rR N A  is replicated very  late during 5. T h e  alternative explanation, that there is a 
long lag between replication o f rD N A  and transcription o f both copies, is made 
unlikely by the rapid onset of a steady rate o f total R N A  synthesis after addition of 
hydroxyurea. In  contrast to these results, we found in Saccharom yces cerevisiae that 
the rate o f rR N A  synthesis doubled very  early in 5, suggesting that in budding yeast 
the rD N A  is replicated early in 5 and is im m ediately available for transcription 
(Fraser & Carter, 1976).
P o ly (A )+m R N A  synthesis during the cell cycle
Our results show that shortly after the com m encem ent o f the period o f D N A  
synthesis, the rate of p o ly(A )+m R N A  synthesis per ml culture doubles. A  causal 
relationship betw een D N A  content and the rate of poly(A )+m R N A  synthesis was
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confirmed by the experim ent in w hich D N A  synthesis was inhibited by hydroxyurea. 
In Saccharom yces cerevisiae, we have also found that the rate o f po ly(A )+m R N A  
synthesis doubles during the ¿'-period (Fraser &  Carter, 1976).
W e conclude that the rate o f po ly(A )+m R N A  synthesis is controlled by gene 
number. T h is  offers the basis of a m echanism  for control o f the doubling of cellular 
components once per cell cycle. A  doubling o f the rate of m essenger synthesis once 
per cycle should lead, in the sim plest case, to a doubling in the rate o f enzym e accum u­
lation once per cycle, and hence to a doubling in the m etabolic capacity of the cell. 
The simplest interpretation o f our data for p o ly(A )+m R N A  synthesis per ml culture 
is that an ‘ active fraction ’ of the genome is transcribed at a constant rate throughout 
the cell cycle; doubling o f the num bers of these genes during S  doubles the rate of 
messenger R N A  synthesis. T h is  sim ple pattern would account for the bulk o f total 
messenger synthesized in the cell, but could obscure a more com plex situation where a 
small proportion of total m R N A  synthesis was from  other genes w hich w ere trans­
cribed periodically or at varying rates through the cycle. W e are also unable to 
estimate what proportion o f the total genome is represented by the ‘ constantly 
transcribed fractio n ’ of our sim ple model.
Some further qualifications must be m ade to the m odel relating gene num ber and 
rate of m R N A  synthesis to doubling o f cell com ponents. T h e  m odel is based on 
measurements of the rate o f synthesis o f polyadenylated m R N A , which probably 
does not represent the entire m R N A  m etabolism  o f yeast (M cL au gh lin  et al. 1973). 
The poly(A )+m R N A  we studied was prepared from  whole cell nucleic acid, and thus 
contained not only cytoplasm ic m R N A , but also nuclear precursors and any special 
stored or transit form s. A n y  cell cycle-specific variation in processing or storage could 
complicate the situation. Furtherm ore, we have exam ined cells grow ing at close to 
their m axim um  grow th rate. It  is possible that in cells grow ing at a m uch slower 
growth rate, factors other than gene dosage m ight be lim iting, in w hich case a different 
mechanism for the co-ordination of balanced duplication o f cellular com ponents 
during the cell cycle m ight exist. D ifferences in the pattern o f rR N A  synthesis during 
the cell cycle have been reported for m am m alian tissue culture cells grow ing at 
different growth rates (Pfeiffer &  Tolm ach, 1968 ; S c h a rff&  Robbins, 19 6 5 ; K levecz &  
Stubblefield, 19 6 7 ; Enger & T ob ey , 1969).
Studies on the dependence o f po ly(A )+m R N A  synthesis on gene num ber using 
synchronous cultures or hydroxyurea both indicated that there is a lag of 15 -2 0  min 
between D N A  replication and an increase in the rate o f transcription. T h is  lag m ight 
be caused by physical unavailability of the new D N A  for transcription, or by tem porary 
limitation, by some factor other than gene num ber, of the rate of transcription. It  is 
interesting that when cells are grow n at a slightly faster growth rate, in malt extract 
broth, there is no lag between D N A  replication and a doubled rate of po ly(A )+m R N A  
synthesis (R. S. S. F raser, unpublished results).
Gene number, m R N A  synthesis and  p a tterns o f  enzym e a c tiv ity  in synchronous cultures
T h e best test of w hether the pattern of changes in rate o f po ly(A )+m R N A  synthesis 
we have observed during the cell cycle is m eaningful in the control o f cell grow th is
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to exam ine w hether it can account for observed changes in enzym e activities during 
the cell cycle. W e have calculated the pattern o f protein accum ulation w hich would 
be produced from  the changes in rate of p o ly(A )+m R N A  synthesis during synchronous 
culture shown in F ig . 6. T h e  A ppendix describes how the protein accum ulation data 
were calculated, and how the goodness o f fit o f different curves to the calculated 
points was tested. F ig . 9 show s the calculated protein-accum ulation data. T h e  curve 
which gave the best fit to the points was for linear accum ulation o f protein, with a 
doubling in the rate of accum ulation at 2 h 50 min and 5 h 15  m in after inoculation.
Time,  h
Fig. 9. T h e pattern of protein accumulation (relative units) during growth of a syn­
chronous culture, calculated from changes in the rate of poly(A)+m R N A  synthesis 
during culture as explained in the appendix. The data are plotted on linear ( 0 — #  ) 
and logarithmic ( □ — □ )  scales. The cell cycle scale (i-o unit equals one cell genera­
tion time) is drawn from the cell number data o f  Fig. 3 a ;  i- o  and 2-0 represent the 
mid-points of the first and second divisions respectively. The 2 arrows indicate the 
times of the mid-points of the first and second periods of D N A  synthesis (from 
Fig- 3 c)-
Taking the cell cycle from  one division to the follow ing division as i-o unit, these 
2 rate-change points occur at 0-2 of the second and third cell cycles after inoculation. 
We have not considered a possible rate change at 0-2 in the first cycle after inoculation, 
as there would be too little data available before the rate change to establish the 
initial rate.
T h e pattern o f protein accum ulation calculated from  the rates of p o ly(A )+m R N A  
synthesis is very sim ilar to the patterns o f increase in enzym e activities m easured in 
similar synchronous cultures by M itchison &  Creanor (1969). T h e y  found that 
sucrase, acid phosphatase and alkaline phosphatase all increased in activity linearly; 
the rate o f synthesis of each enzym e doubled at close to 0-2 in each cell cycle.
T h e sim ilarity o f the calculated protein accum ulation pattern (F ig . 9) to observed 
changes in enzym e activities (M itchison &  Creanor, 1969) suggests that the measured 
changes in the rate of po ly(A )+m R N A  synthesis are m eaningful in the control of cell 
growth. T h ese results lend support to our suggestion that the balanced duplication 
of cell com ponents once per cycle m ay be largely controlled b y constant transcription 
of a rate-lim iting num ber o f genes coding for m R N A . T h e  explanation o f observed 
patterns of enzym e increase purely b y consideration o f changes in m R N A  synthesis 
further suggests that the content or availability o f ribosom es does not play a part in 
the regulation of protein synthesis in this case.
Our data and calculations show  that the doubling in rate of protein accum ulation 
at 0-2 of the cell cycle is a consequence o f the doubling o f gene num ber during S .  
The data explain the paradox noted by M itchison &  Creanor (1969): that the D N A  
synthesis in S . pom be  occurs at about 0-9 to i-o of the cell cycle, but the rate-doubling 
point for their enzym es was at 0-2 in the follow ing cycle. T h is  delay is in contrast to 
bacterial system s, where replication of the structural gene appears to be followed 
immediately by a doubled rate of enzyme accum ulation (K uem pel, M asters &  Pardee, 
1965; D onachie, 19 6 5 ; Helm stetter, 19 6 8 ; Donachie &  M asters, 1969). T h e  delay of 
0-2-0-3 of a cell cycle in S . pom be  can be ascribed to 2 factors: a delay o f 15 -2 0  min 
(about o-i o f a cycle) which rem ains to be explained, between replication of the D N A  
and a doubled rate of transcription, and a delay o f up to 30 m in (0-2 o f a cycle) between 
the doubling of the rate o f m R N A  synthesis and the establishm ent in the cell of a 
sufficiently increased m essenger content to raise the rate o f protein synthesis by a 
detectable amount. It is clear from  the calculated curves for m essenger R N A  accum u­
lation (A ppendix; P igs. 10 , 1 1 ,  pp. 5 19 -5 2 0 ) that the approach to a doubled m essenger 
content after doubling o f the rate of transcription is slow.
We have com pared a sim ulation of protein accum ulation, derived from  m easure­
ments of synthesis of a major fraction of m R N A , with experim ental data for individual 
enzymes. It will be interesting to com pare the sim ulated protein accum ulation pattern 
with experim ental results on total protein accum ulation or synthesis during synchron­
ous culture when such data becom e available. T otal protein accum ulation will repre­
sent the aggregate effects of all protein-synthesis control m echanism s, operating 
at transcriptional and translational levels (Creanor, M ay &  M itchison, 19 7 5 ; Fraser, 
1975) as well as turnover effects. It is possible that patterns of total protein accum ula­
tion may diverge from  the pattern sim ulated from  data o f poly(A )+m R N A  synthesis.
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A P P E N D I X :  C A L C U L A T I O N  O F  T H E  P A T T E R N  O F  
P R O T E I N  A C C U M U L A T I O N  F R O M  O B S E R V E D  
C H A N G E S  I N  T H E  R A T E  O F  M E S S E N G E R  
R N A  S Y N T H E S I S
We will calculate the pattern o f protein accum ulation which would arise from  the 
changes in rate of m essenger R N A  synthesis m easured during grow th o f a synchro­
nous culture (F ig . 6). T h e  calculation has 2 steps: calculation o f changes in 
messenger content per ml culture during growth, and calculation o f a curve for protein 
accumulation from  these changes in m essenger content.
Calculation o f  changes in  messenger content
T o calculate changes in messenger R N A  content from  changes in the rate o f m R N A  
synthesis, we require to know the average half-life time (f0.5) o f yeast p o ly(A )+m R N A , 
and we have to be able to express the m easured rate o f m R N A  synthesis in the same 
units as the rate o f degradation. T h e  mean t0 5 o f fission yeast po ly(A )+m R N A  has 
been measured by 2 independent methods, which both give a value o f 40-45 min 
(Fraser, 1975). A ssum ing that at the start o f a synchronous culture, the m essenger
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R N A  content is 100 units m l"1 , we will calculate changes in content resulting from
degradation and from  changes in the relative rate o f synthesis during culture.
Considering first only degradation, the amount o f the original too units which 
degrades in a given time interval t is obtained from  Equation ( i ) :
n t =  n0e~rt, ( i)
where n,, is the starting population, nt is the population rem aining after time t, and r 
is the rate constant. T h e  equation holds for decay which follows first-order k in etics; the 
decay o f fission yeast poly(A )+m R N A  does substantially show first order kinetics 
(Fraser, 1975). F or t =  f„.g =  40 m in, nn =  2nt and r =  —0-0173 n iin- 1 . W e will 
consider m R N A  content at 1 5-m in intervals during cu ltu re ; the fraction o f nn degraded 
after 15  m in is 0-229.
In a situation where synthesis also occurs, to find the net change in m R N A  content 
over a 1 5-m in time interval we m ust in addition consider:
(a) The m R N A  syn thesized  during the  15  min. L e t the unit o f m R N A  synthesis be
s, and let s = — r. L et the relative rate of m R N A  synthesis (shown in F ig . 6) at time
o in the synchronous culture be m, and at the m id-point o f the 1 5-m in  interval of 
synchronous culture growth being considered be m ’. k  is a constant, the significance 
o f which will be explained later. T h en  the average rate o f m R N A  synthesis during 
the 1 5-m in interval is k s .m '/m  m in- 1 , and this rate is in the sam e units as the rate of 
degradation r. T h u s the amount o f m R N A  synthesized in the 1 5-m in time interval 
is t 5 k s .m 'lm .
(b) The degradation o f  messenger which was syn thesized  during the  15-m in  time 
in te rv a l m ust be subtracted. T akin g the average content of new ly synthesized m R N A  
during the interval as -1#  .k s .m 'lm ,  the amount o f the new ly synthesized m R N A  
degraded is calculated as -V .k s .m 'lm  x 0-229.
T h u s starting with n0 units m R N A  m l- 1  at t =  o, the amount present at t  =  15  min
is:
n 15 =  w(l — (n0 +  -V-. k s . m 'lm )  x  0-229 + 1 5  k s .m 'lm .  (2)
T h e  function of the constant k  is to m odify the absolute rate o f m R N A  synthesis 
so that m essenger content per ml culture exactly doubles in each cell cycle, which 
must happen in cells undergoing balanced, exponential grow th. I f  the m essenger R N A  
m etabolism  o f the culture w ere such that it achieved a steady state condition in every 
cell cycle, i.e. if the rates o f m R N A  synthesis and degradation becam e equal, the 
value of k  would be 1. A s we cannot assum e that steady state is in fact reached in the
S . pom be cell cycle, we must derive a value for k. T h is  is done b y considering an 
‘ id ea l’ synchronous culture; that is, one in which m R N A  synthesis is not influenced 
b y artifacts from  the synchronization procedure or loss o f synchrony w ith time. As 
a basis for this ideal culture, we take the experim entally determ ined changes in the 
rate of po ly(A )+m R N A  synthesis per ml between 2 h and 4 h 25 min (equal to 1 cell 
generation time) from  F ig . 6, and reproduce the sam e curve to represent the preceding 
and subsequent divisions. T h is  is shown in F ig . 10 . Starting with too units m R N A  
m l- 1 , we calculate changes in m R N A  content over successive 1 5-m in intervals using
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Eq. (2). T h is  was initially perform ed with k  =  i-o, and was repeated with different 
values o f k  until the k  value was found which gave an exact doubling of m R N A  content 
in every cell cycle. F ig . 10  show s the calculated curve for m R N A  content which 
satisfied this condition; the k  value was i - i o . T h is  value o f k  im plies that steady 
state is never reached, as at any time the rate o f synthesis is always faster than the 
rate of degradation.








T im e ,  h
Fig. 10. Changes in relative rate of synthesis of poly(A)+m R N A  in an 'id e a l’ syn­
chronous culture (------ ), and in content of m R N A  per ml (O — O ) calculated by Eq.
( 2 ) -
We can now calculate, using E q . (2), with k  =  i - i o , changes in m R N A  content in 
the real synchronous culture shown in F ig . 6. T h e  value o f m  we used is the relative 
rate of m R N A  synthesis before the depression o f p o ly (A )1 m R N A  synthesis b y  the 
synchronization procedure. T h is  value was found by extrapolating the curve for 
changes in the rate of p o ly(A )+m R N A  synthesis during the second division (2 h to 
4 h 25 min) back to t =  o (Fig . 1 1 ) .  T h e  value o f m  obtained is o f course higher than 
the measured values o f poly(A )+m R N A  synthesis rate early in culture; the difference 
is similar to the m easured depression o f poly(A )+m R N A  synthesis rate by the syn ­
chronization procedure shown in F ig . 2.
Fig. 1 1  shows the calculated curve of m R N A  content in the real synchronous 
culture. It is clear that m R N A  accum ulation in the real culture is m uch less periodic 
than in the ideal culture (Fig . 10), and that the pattern of accum ulation in the first 
cell cycle is m arkedly affected b y the synchronization procedure. It is not until the 
second cycle that a periodic pattern o f m R N A  accum ulation is established.
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F rom  the calculated curve of changes in m R N A  content during synchronous 
culture (Fig . 1 1 ), we calculate a curve for protein accum ulation. W e assum e that in 
any 15-m in  tim e interval, the amount o f protein synthesized is proportional to the 
average m R N A  content during the time interval. T h e  protein is assum ed to be stable. 
T h e  amount o f protein present at t =  o is taken to equal the increm ent during the 
first cell-generation time in culture. F ig . 9 shows the calculated protein-accum ulation 
data, plotted as linear and sem ilogarithm ic plots.








T im e , h
Fig. 1 1 .  Changes in messenger R N A  content per ml culture in a synchronous culture 
(O — O ), calculated using Eq. (2), p. 5 18 , from changes in the rate of poly(A)+m R N A
synthesis per ml (------ ). T h e poly(A)+m R N A  synthesis data are re-drawn from Fig. 6.
The broken line shows the extrapolation of the poly(A) :m R N A  synthesis rate used 
to find the value of 111 unperturbed by the depressive effects of the synchronization 
procedure on poly(A) 'm R N A  synthesis.
W e then tried to fit to these data curves which seem ed likely patterns o f protein 
accum ulation in cultures undergoing synchronous, exponential grow th. T h e  simpler 
model considered w as an exponential increase in protein. A  single straight line was 
fitted to the plot o f log protein content against time b y the method of least squares. 
T h e  second model was derived from  results with bacterial system s, where som e stable 
enzym es are known to increase in activity linearly through the cell cycle, with a 
doubling in the rate o f accum ulation once per cycle (K uem pel et al. 1965 ; Donachie & 
M asters, 1969). W e fitted a series of straight lines by inspection to the linear plot of
the protein accum ulation data, with the restriction that there could be only one rate- 
change point per cell cycle. T h e  goodness o f fit in each case was tested by calculating 
the residual sum  o f squares between the calculated points and the fitted line. F ig . 9 
shows the best fit obtained. T h ree  straight lines were used, with rate changes at 2h 
50 min and 5 h 15  m in. T h e  increase in rate o f protein accum ulation at these points 
was close to a doubling. T h is  segm ented, linear m odel gave a much better fit to the 
calculated data than the exponential model. T h e  residual sum  o f squares o f the 
exponential fit was 5-7 times that o f the best segm ented linear model.
T h e overall doubling time o f calculated protein content during the synchronous 
culture is the sam e as the cell doubling time. T h e  2 rate-change points in the seg­
mented, linear model both occur at the sam e stage, 0-2, o f the cell cycle. A  possible 
rate change early in the first cycle was not considered, as there would be too few  
points to establish the initial rate.
It is clear that the calculated points for protein accum ulation do not show a sharp 
rate change, but curve round from  one linear rate to another. But D N A  synthesis is 
not an instantaneous process; if  gene replication controls the rate-doubling, the 
curve for total protein accum ulation w ill be com posed of m any individual curves,w ith 
rate changes at slightly different times. T h ese in total will show  a smooth transition 
from one linear rate to the next. Im perfections o f synchrony will also tend to make the 
rate-change gradual rather than sharp.
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Novel cell cycle control of RNA 
synthesis in yeast
R. S. S. Fraser* & Paul Nurse
Department o f  Zoology , Universi ty  o f  E d inburgh ,  West  M ains  R o a d ,  E d inburgh ,  U K
During the fission veast cell cycle, the rate o fpo lyadenyla ted  
messenger R N A  synthesis doubles when the cell reaches a 
critical size. This size-related control m aintains average 
m RNA content in balance with to ta l cell m ass during  
exponential growth, even in cells growing at different 
absolute growth rates per cell.
In cell cultures undergoing balanced exponential growth, 
individual parameters o f growth remain at a constant proportion 
of total cell mass1. The two daughter cells produced at each 
division are identical to the parent at the same time in the 
preceding cycle: this requires that all cell components are 
doubled during the course of each cell cycle. The mechanisms 
controlling the balanced increase of components, and their 
duplication during each cell cycle are not understood.
A simple model explaining the doubling in am ount o f a 
component in each cell cycle can be based on a stepwise 
doubling in the rate of synthesis o f that component at a fixed 
point in every cell cycle. In the cell cycle o f the fission yeast 
Sctuzosaccharomyces pombe there are periodic doublings in rate 
of increase of total dry mass2, rates o f increase in activities of 
three enzymes2, and in rates o f synthesis of total R N A 1, 
ribosomal protein4, ribosomal RN A 5 and polyadenylated 
mRNA5. In all cases, the doubling in rate occurs early in the 
cell cycle.
Two types of control may be proposed to account for the 
timing of the rate doublings during the cell cycle. The doublings 
might be dependent on DNA replication, which occurs at the 
beginning of the fission yeast cell cycle6. Alternatively, the rate 
doublings may be related to overall growth, being triggered 
when the cell reaches some critical size or mass. These two types 
of control mechanism may be distinguished using strains of 
fission yeast which have very different cell sizes7 but in which 
there is relatively little variation in the timing of DNA replica­
tion in the cell cycle7. We have investigated the rates o f synthesis 
of polyadenylated mRNA (poIyA m R N A ) during the cell 
cycles of cells dividing at different sizes. Our evidence suggests 
that the timing of the doubling in rate o f polyA 'm R N A  
synthesis in the cell cycle is not controlled by the timing of DNA 
replication, but that doubling in the rate of mRNA synthesis is 
triggered when the cells reach a critical size. Such a mechanism 
will maintain the average ratio o f polyA mRNA to total cell 
mass, and will enable cells o f different mean sizes to double 
their mRNA content in each cell cycle.
‘ Present address :  Biochemistry Section, N a t io n a l  Vegetable Research  
Station, Wellesbourne, W arw ick ,  U K .
Characteristics of the wild-type 
and mutant strains
Table 1 shows generation times and macromolecular contents 
of exponentially-growing haploid cells o f wild type strain 
972 h _ and a mutant derivative wee 1-50 h _. The m utant strain 
(previously described as cdc 9-50 (ref. 7)) is altered in the control 
initiating mitosis, so that mitosis and cell division take place in 
cells o f about half the size of wild type7; generation time is 
unaltered. Growing cells o f strain wee 1-50 have a reduced 
macromolecular content per cell, with 57“,, o f the protein, 53% 
of the total RN A  and 59% of the po lyA ’m RNA content o f 
wild type. The average DNA content per cell o f wee 1-50 is 
comparatively high, at 82 % of wild type. This results in a ratio 
of polyA ‘ m RNA to DNA which is lower in wee 1-50 than in 
wild type, and therefore mRNA content per cell cannot be 
regulated by gene dosage alone.
Macromolecular synthesis during the cell cycle
To examine the means by which the reduced polyA^mRNA 
content per cell o f wee 1-50 is brought about, we measured the 
patterns of synthesis o f DNA and polyA ‘m RNA in syn­
chronously-dividing cultures of wee 1-50 and wild type. In wild 
type cells, DNA replication was at the beginning of the cell 
cycle, almost coincident with cell division (Fig. 1). The rate of
Table 1 Charac te r is t ics  o f  m u ta n t  a n d  wild-type s trains
W ild  type M u ta n t
972 h " wee 1-50
G e n e ra t io n  t ime (min) 140 140
Cell v o lum e a t  division ( p m 3) 149 73
R N A  (pg per  cell) 3.0 - 0 . 0 4 1 .5 9 - 0 .0 7  (53%)*
Pro te in  (pg per  cell) 1 2 . 1 - 0 . 3 6 . 8 5 - 0 . 4  (57% )
P o ly A +m R N A  (fg per  cell) 2 3 . 8 - 0 . 8 14.1 - 0 . 4  (59% )
D N A  (fg per  cell) 3 4 . 6 - 1 . 4 28.4 - 0 .8  (82% )
C ultu res  o f  the tw o  s tra ins were g row n  a t  35 C  in ph tha la te -  
buffered E M M  2 m ed ium . T h e  length a n d  d iam e te r  o f  200 cells with 
cell p lates were m easu red  an d  cell vo lum e calcula ted .  Cell genera tion  
time, R N A ,  p ro te in  a n d  D N A  co n ten ts  were de te rm ined  using 
cultures in the  early  phase  o f  ex ponen t ia l  g ro w th  by m eth o d s  
described in ref. 7. P o lyA +m R N A  c o n te n t  was ca lcu la ted  f rom  the 
u ltravio le t  a b so rp t io n  sp e c t ru m  o f  p o ly A +m R N A  isolated  by 
affinity c h ro m a to g ra p h y  on  ol igo d T -ce l lu lose  as described  in ref. 5. 
Po lyacry lam ide gel e lec trophores is  o f  the poly A +m R N A  frac tion  
show ed  n o  co n ta m in a t io n  by r ibosom al  o r  t ransfe r  R N A s .  Values 
are  m eans  ±  s.e.m.
‘ N u m b e r s  in paren theses give the  values o f  p a ram e te rs  de te rm ined  
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Fig. 1 C h a n g es  in cell no ., D N A  con ten t  a n d  rates o f  aden ine  
u p ta k e  a n d  p o ly A 7 m R N  A  synthesis in a  synchronous ly-d iv id ing  
cu l tu re  o f  Scltizosaccharuinyces pom be  L indner,  wild-type strain  
972 h . Cells were collected  by f ilt ra tion f rom  a po p u la t io n  
grow ing  exponen t ia l ly  a t  35 C  in ph thala te-buffered  E M  M2 
m e d iu m 7, a n d  were f rac tiona ted  by s e d im e n ta t io n  rate  cen tr i ­
fuga t ion  th ro u g h  a lactose density  g ra d ie n t17 (M S E  T y p e  A  
zonal  ro tor) .  Sm all  cells at  the beginning o f  the  cell cycle were 
selected as  ino cu lu m  for  the s y n c h ro n o u s  culture .  C hanges  in 
cell n u m b e r  were m o n i to red  using a C o u l te r  coun te r .  Sam ples o f  
50 -100  ml cu l tu re  were w i th d ra w n  every 20 min a n d  pulse- 
labelled by incuba t ing  for  10 m in  (0.07 o f  the  cell genera t ion  time) 
with 2.5 pCi m l “ 1 [2 - :1H ]aden ine  (R ad iochem ica l  Centre) .  The  
to tal  aden ine  c o n cen t ra t io n  o f  the pulse m ed ium  was ad jus ted  to 
I pg ml 1 by ad d i t io n  o f  nonrad io ac t iv e  adenine .  Less than  10% 
o f  the  radioactiv i ty  supplied  was taken  up  du r in g  the pulse. D N A  
con ten t  an d  rates o f  aden ine  u p ta k e  a n d  p o lyA +m R N A  synthesis 
were m easu red  as described in ref. 5. Values for  p o lyA +m R N A  
synthesis a re  m eans  ■: s.e.m. o f  six d e te rm ina t ions .  T he  m id ­
po in ts  o f  the tw o  successive doub l ings  in cell n u m b ers  fix stages 
0 an d  1 o n  the cell cycle m ap .  T h e  m idpo in ts  o f  the stepwise 
d oub l ings  in D N A  con ten t  an d  ra te  o f  p o ly A +m R N A  synthesis 
were t a k e n  as the t ime w'hen the  step a t ta ined  the value m idw ay  
between the two p la teaus  o n  e i ther  side o f  the step, a n d  are  
m ark ed  by ver tical bars.  • .  Cell no . ;  □ ,  D N A  con ten t ;  
. A ,  rate  o f  aden ine  u p ta k e ;  O ,  rate  o f  p o lyA +m R N A  synthesis.
i n c o r p o r a t i o n  o f  a d e n i n e  i n t o  p o l y A  m R N A  d o u b l e d  a s  a  s t e p ,  
w i t h  t h e  m i d p o i n t  o f  th e  s t e p  a b o u t  0.1 t o  0 .2  o f  a  c y c le  a f t e r  
th e  m i d p o i n t  o f  D N A  a c c u m u l a t i o n .  S i m i l a r  r e su l t s  h a v e  b een  
o b t a i n e d  u s in g  ;1H - u r i d i n e  a s  la b e l  i n s t e a d  o f  3H - a d e n i n e ,  a n d  
a l s o  w i t h  a n o t h e r  s t r a in  o f  w i ld - ty p e  s ize5.
Q u i t e  d i f fe r e n t  r e su l t s  w e r e  o b t a i n e d  w i t h  s y n c h r o n o u s  
c u l t u r e s  o f  w ee  1-50. T h e  m i d p o i n t  o f  D N A  r e p l i c a t io n  w a s  
0 .2  t o  0 .3  o f  a  cyc le  a f t e r  cell  d iv i s io n  (F ig .  2) ,  c o n s i s t e n t  w i th
0 0.5 1.0
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Fig. 2 C hanges  in cell no. .  D N A  con ten t  a n d  rates o f  aden ine  
up ta k e  an d  poly A ’ m R N A  synthesis in a synchronous ly-d iv id ing  
cu l tu re  o f  the m u ta n t  s train  wee 1-50. M e asu rem en ts  were m ade  
a n d  the cell cycle stage o f  changes  derived as explained in the 
legend to  Fig. I. • ,  Cell no . ;  ; ;, D N A  co n te n t ;  \ ,  l a te  of  
aden ine  u p ta k e ;  C ,  ra te  o f  p o ly A 7 m R N A  synthesis.
p r e v io u s  r e s u l t s 7 a n d  w i th  t h e  a v e r a g e  D N A  c o n t e n t  o f  w ee  1-50 
cells in a s y n c h r o n o u s  c u l t u r e  b e in g  8 2 %  o f  t h a t  o f  w i ld  type  
( T a b l e  1). T h e  r a t e  o f  a d e n i n e  i n c o r p o r a t i o n  i n t o  p o l y A 1 m R N A  
a l s o  d o u b l e d  a s  a  s te p ,  b u t  th e  m i d p o i n t  o f  t h e  s t e p  w a s  a t  a n  
a v e r a g e  o f  0.81 o f  th e  cell  cy c le  ( T a b l e  2). T h i s  is 0 .5  o f  a  cycle 
l a t e r  t h a n  D N A  r e p l i c a t i o n  in w ee  1-50, a n d  0 .7  o f  a  cy c le  later 
t h a n  th e  c o r r e s p o n d i n g  s t e p  in r a t e  o f  i n c o r p o r a t i o n  in to  
p o l y A ' m R N A  in w i ld  ty p e .  T h e s e  r e su l t s  s u g g e s t  t h a t  the 
t i m i n g  o f  t h e  d o u b l i n g  in r a t e  o f  i n c o r p o r a t i o n  i n t o  p o l y A 1 
m R N A  is n o t  d i r e c t ly  c o n t r o l l e d  by  th e  t im in g  o f  D N A  
r e p l i c a t i o n .
T h e  p a t t e r n  o f  in c r e a s e  in t h e  r a t e  o f  a d e n i n e  u p t a k e  d u r in g  
g r o w t h  o f  s y n c h r o n o u s  c u l t u r e s  is r a t h e r  v a r i a b l e  ( F ig s  1 a n d  2, 
a n d  ref.  5). H o w e v e r ,  th e  s t e p w is e  in c r e a s e s  in t h e  r a t e  o f  
a d e n i n e  i n c o r p o r a t i o n  i n to  p o ly A  m R N A  w e re  g r e a t e r  t h a n  
a n y  p e r i o d i c  c h a n g e s  in a d e n i n e  u p t a k e .  T h i s  s u g g e s t s  t h a t  the 
c h a n g e s  in r a t e  o f  a d e n i n e  i n c o r p o r a t i o n  i n to  p o l y A ' m R N A  
r e s u l t e d  f r o m  c h a n g e s  in r a t e  o f  s y n th e s i s  a n d  n o t  f r o m  c h a n g e s  
in  r a t e  o f  p r e c u r s o r  u p t a k e .  C o n t r o l  e x p e r i m e n t s  w e r e  c a r r ie d  
o u t  t o  c h e c k  w h e t h e r  t h e  d o u b l i n g s  in  r a t e  o f  p o l y A  ‘m R N A  
s y n th e s i s  w e re  m e r e ly  p e r i o d i c  f l u c t u a t io n s  i n d u c e d  by  the  
p h y s io lo g i c a l  t r a u m a  o f  s y n c h r o n o u s  c u l t u r e  p r e p a r a t i o n .  Cells
Table  2 P o lyA 7 m R N A  synthesis d u r in g  the cell cycles o f  wild type 
a n d  vt'Ci' 1-50 m u ta n t  s trains
W ild type M u ta n t
972 h w ee  1-50
Cell cycle stage o f  m id p o in t  o f  stepwise 
d oub l ing  in ra te  o f  p o ly A 7 m R N A  
synthesis 0.11 .: 0.04 0.81 0.06
R a te  o f  p o ly A 7 m R N A  synthesis per  
cell before  stepwise ra te -doub l ing  
(10:l x c .p .m . ) 1.24 : 0.05 1.29.1 0.03
R a te  o f  p o ly A +m R N A  synthesis per  
cell a f te r  stepwise ra te -doub l ing  
(1CF x c .p .m . ) 2.43 | 0.15 2.39 J  0.14
D a ta  were derived f rom  s y n c h ro n o u s  cu l tu re  exper im ents  such as 
sh o w n  in Figs 1 an d  2. T h e  t ime o f  the m id p o in t  o f  stepwise doubling 
in rate  o f  p o lyA +m R N A  synthesis was expressed as stage in the cell 
cycle as  sh o w n  in Fig. 1. R a te s  o f  p o ly A +m R N A  synthesis per  cell 
before an d  af ter  the stepwise dou b l in g  in rate  were ca lcula ted  by 
div iding the  steady rates o f  in co rp o ra t io n  before a n d  af ter  the step by 
the cell n u m b e r  per  ml a f te r  se p a ra t io n  o f  the d a u g h te r  cells formed 
at  the beg inn ing  o f  tha t  cell cycle. Values a re  m ean s  ±  s.e .m.
f r o m  th e  p a r e n t  c u l t u r e  w e re  e x p o s e d  t o  all  t h e  c o n d i t i o n s  used 
t o  p r e p a r e  s y n c h r o n o u s  c u l tu r e s ,  b u t  t h e  i n o c u l u m  selected  
c o n t a i n e d  ce l ls  a t  a ll  s t a g e s  o f  t h e  cell cycle .  T h e  re su l t in g  
c u l t u r e  s h o w e d  a n  e x p o n e n t i a l ,  a s y n c h r o n o u s  in c r e a s e  in  cell 
n u m b e r .  T h e  r a t e  o f  a d e n i n e  i n c o r p o r a t i o n  in to  p o l y A  ' m R N A  
a l s o  in c r e a s e d  c o n t i n u o u s l y  w i t h  t i m e :  t h e r e  w a s  n o  s u g g e s t io n  
o f  t h e  s t e p s  in r a t e  o f  i n c o r p o r a t i o n  se en  in s y n c h r o n o u s  
c u l tu r e .  W e  c o n c l u d e  t h a t  t h e  s te p w is e  d o u b l i n g s  in r a t e  o f  
p o ly A  ' m R N A  s y n th e s i s  o b s e r v e d  in s y n c h r o n o u s  c u l t u r e s  w ere 
cell c y c le - r e la te d  e v en ts .
Dependency on DNA replication
A l t h o u g h  in th e  cell cy c le  o f  i w  1-50 th e  t i m i n g  o f  t h e  d o u b l in g  
in r a l e  o f  s y n th e s i s  o f  p o l y A ' m R N A  is n o t  c lo s e ly  l in k e d  with 
th e  t i m i n g  o f  D N A  r e p l i c a t i o n ,  t h e  d o u b l i n g  in r a t e  o f  p o l y A + 
m R N A  s y n th e s i s  m ig h t  stil l d e p e n d  o n  c o m p l e t i o n  o f  the 
p r e v io u s  r o u n d  o f  D N A  r e p l i c a t i o n .  W e  e x a m i n e d  th i s  poss i­
b i l i ty  by f o l lo w in g  th e  r a t e  o f  s y n th e s i s  o f  p o l y A  1 m R N A  in an 
a s y n c h r o n o u s ,  e x p o n e n t i a l l y - g r o w i n g  c u l t u r e  o f  w ee  1-50 af ter  
i n h i b i t io n  o f  D N A  s y n th e s i s  by  h y d r o x y u r e a .  T h e  r a t e  o f  D N A  
s y n th e s i s  fell t o  a b o u t  o n e  q u a r t e r  o f  its in i t ia l  level w ith in  
5 m in  o f  a d d i t i o n  o f  t h e  i n h i b i t o r  (F ig .  3). T h e  r a t e  o f  syn thes is  
o f  p o l y A ' m R N A  c o n t i n u e d  to  in c r e a s e  a t  a p p r o x i m a t e l y  the
T im e (mill)
Fig. 3 C hanges  in ra tes  o f  D N A  synthesis,  aden ine  u p ta k e  an d  
polyA7 m R N A  synthesis in a cu l tu re  o f  wee 1-50 a f te r  inhib it ion  
of  D N A  synthesis. An exponen t ia l ly -grow ing  cu l tu re  co n ta in ing  
10“ cells m l “ 1 w as split in two. H y d roxyurea  (I I m M )  w as a d d ed  
to one ha lf  a t  0 min to inhibit  D N A  synthesis.  T h e  o th e r  ha lf  
served as contro l .  T he  rate  o f  D N A  synthesis was m easu red  as 
described in ref. 18. Ra tes  o f  aden ine  u p ta k e  a n d  p o ly A +m R N A  
synthesis were m easu red  as described  in the legend to  Fig. 1. 
a, D N A  synthesis;  />, ra te  o f  aden ine  u p ta k e ;  c, ra te  o f  
polyA+m R N A  synthesis.  O pen  sym bo ls  represent  values for 
the control cu lture,  closed sym bols  for  the hydroxyurea - t rea ted  
culture.
sam e r a te  a s  in th e  c o n t r o l  f o r  a b o u t  70  m in ,  t h e n  th e  r a t e  
becam e c o n s t a n t .  T h i s  7 0 -m in  d e la y  is s im i l a r  t o  t h e  p e r io d  
between D N A  r e p l i c a t io n  a n d  d o u b l i n g  in r a t e o f  p o l y A +m R N A  
synthesis in s y n c h r o n o u s l y - d i v i d i n g  c u l t u r e s  o f  w ee  1-50 (F ig .  2). 
These resu l ts  fit t h e  f o l lo w in g  m o d e l :  t h e  d o u b l i n g  in r a t e  o f  
synthesis o f  p o l y A  ' m R N A  is d e p e n d e n t  o n  th e  o c c u r r e n c e  o f  
the p re c e d in g  r o u n d  o f  D N A  r e p l i c a t i o n .  A f t e r  D N A  r e p l i c a ­
tion, a  cell is p o t e n t i a l l y  c a p a b l e  o f  d o u b l i n g  its r a t e  o f  p o l y A  1 
m R N A  s y n th e s is ,  b u t  in w ee  1-50 d o e s  n o t  d o  s o  u n t i l  0 .5  o f  a  
cycle la te r  (F ig .  2, T a b l e  2). In  a n  a s y n c h r o n o u s  p o p u l a t i o n ,  
there will be  a  f r a c t i o n  o f  ce l ls  w h ic h  h a v e  c o m p l e t e d  D N A  
rep l ica t ion  b u t  w h i c h  h a v e  yet  t o  d o u b l e  t h e i r  r a t e  o f  p o ! y A + 
m R N A  sy n th e s is .  T h e s e  ce lls  a r e  r e s p o n s ib l e  f o r  t h e  7 0 - m in  
period d u r i n g  w h ic h  th e  r a t e  o f  p o l y A  ' m R N A  s y n th e s i s  r o s e  
af ter  i n h ib i t io n  o f  D N A  s y n th e s i s  (F ig .  3). C o n s i s t e n t  w i t h  th is  
in te rp re ta t io n ,  in ce lls  o f  w i ld  t y p e  size, w h e r e  d o u b l i n g  in r a t e  
o f  p o l y A ' m R N A  s y n th e s i s  f o l lo w s  c lo se ly  o n  D N A  r e p l i c a t i o n  
(Tig- I, T a b l e  2), h y d r o x y u r e a  a d d e d  t o  a n  a s y n c h r o n o u s  c u l t u r e  
causes th e  r a t e  o f  p o l y A  1 m R N A  sy n th e s i s  t o  b e c o m e  c o n s t a n t  
within 10 to  20  m i n  ( ref .  5).
H y d r o x y u re a  is t h e  o n ly  i n h i b i t o r  o f  y e a s t  D N A  s y n th e s i s  
know n t o  g ive  t h e  v e ry  r a p i d  i n h i b i t i o n  r e q u i r e d  f o r  th e s e  
exper im ents" .  I t s  u se  is o p e n  t o  t h e  c r i t i c i s m  t h a t  h y d r o x y u r e a  
rep o r ted ly  i n h ib i t s  p r e c u r s o r  u p t a k e  a n d  g r o w t h  (ref .' 8 a n d  
J- M. M i t c h i s o n  a n d  J. C r e a n o r ,  u n p u b l i s h e d ) .  A d e n i n e  u p t a k e  
was no t  i n h ib i t e d  in o u r  e x p e r i m e n t s  (F ig .  3), b u t  w e  c a n n o t  
entirely  e x c lu d e  t h e  p o s s ib i l i ty  t h a t  h y d r o x y u r e a  w a s  h a v i n g  
som e u n k n o w n  s ide  effec t  w h i c h  p r e v e n te d  f u r t h e r  r ise  in t h e  
ra te  o f  p o ly A  ' m R N A  s y n th e s is .
Explanation for the reduced 
polyA mRNA content of wee 1-50
W e  h a v e  s h o w n  t h a t  th e  r a t e  o f  p o l y A ' m R N A  s y n th e s i s  
d o u b l e s  m u c h  l a t e r  in t h e  cell c y c le  o f  w ee  1-50 t h a n  in ,w i ld  type .  
T h i s  d i f fe re n c e  c a n  be  s h o w n  to  be  su f f ic ien t  t o  a c c o u n t  f o r  th e  
r e d u c e d  p o l y A ’m R N A  c o n t e n t  o f  t h e  a v e r a g e  w ee  1-50 cell  in 
e x p o n e n t i a l  c u l t u r e  ( T a b l e  I),  by  c a l c u l a t i n g  th e  p o ly A  ‘m R N A  
c o n t e n t  o f  w ee  1-50 i f  t h e  d e l a y  in  d o u b l i n g  w e r e  t h e  o n ly  
d i f f e r e n c e  b e tw e e n  t h e  tw o  s t r a in s .  T h e  a b s o l u t e  r a t e s  o f  
p o l y A ' m R N A  s y n th e s i s  p e r  cell b e f o r e  a n d  a f t e r  t h e  s te p  
d o u b l i n g  in  r a t e  a r e  t h e  s a m e  f o r  w ee  1-50 a n d  w i ld  t y p e  
( T a b l e  2) . W e  a s s u m e  t h a t  t h e  h a l f  li fe  o f  t h e  p o l y A ' m R N A  is 
th e  s a m e  in b o t h  s t r a in s .  I n  th e s e  c o n d i t i o n s ,  t h e  m e a n  p o ly A  
m R N A  c o n t e n t  o f  w ee  1-50 ce lls  in a s y n c h r o n o u s ,  e x p o n e n t i a l  
g r o w t h  is 2 o f  t h e  w i l d - ty p e  c o n t e n t ,  w h e r e  /  is t h e  d e l a y ,  a s  
a  f r a c t i o n  o f  t h e  cell cyc le ,  b e tw e e n  d o u b l i n g  in r a t e  o f  
p o l y A ' m R N A  s y n th e s i s  in t h e  tw o  s t r a in s .  T h e  d e r i v a t i o n  o f  
t h i s  r e l a t i o n s h i p  is t o  b e  d e s c r i b e d  in d e ta i l  e l s e w h e r e  (A .  B a rn e s ,  
P .N .  a n d  R .S .S .F . ,  in p r e p a r a t i o n ) .  T h e  a v e r a g e  d e l a y  b e tw e e n  
d o u b l i n g  o f  t h e  r a t e  o f  p o l y A  * m R N A  s y n t h e s i s  in w i ld  t y p e  a n d  
w ee  1-50 w a s  0 .7 0  o f  t h e  cell  c y c le  ( T a b l e  2). T h i s  g ives  a  
c a l c u l a t e d  v a lu e  fo r  m e a n  p o l y A  m R N A  c o n t e n t  o f  w ee  1-50 
cells o f  6 2 %  o f  th e  w i ld - ty p e  c o n t e n t .  T h i s  is in g o o d  a g r e e m e n t  
w i t h  t h e  o b s e r v e d  v a lu e  o f  5 9 %  ( T a b l e  1), a n d  i n d i c a t e s  t h a t  
t h e  d e l a y  in d o u b l i n g  t h e  r a t e  o f  p o l y A ' m R N A  s y n th e s i s  in  
w ee  1-50 cells is su f f ic ien t  t o  e x p l a i n  t h e i r  r e d u c e d  p o l y A +m R N A  
c o n t e n t .
Cell size control over polyA mRNA synthesis
W e  n o w  c o n s i d e r  t h e  n a t u r e  o f  t h e  m e c h a n i s m  w h i c h  d e t e r m i n e s  
t h a t  t h e  r a t e  o f  p o l y A ' m R N A  s y n th e s i s  d o u b l e s  e a r l y  in t h e  
cell c y c le  o f  w i ld  ty p e  a n d  l a te  in t h e  c y c le  o f  w ee  1-50. W e e  1-50 
ce lls  a t  t h e  e n d  o f  t h e i r  c y c le  a r e  s i m i l a r  in s iz e  t o  w i ld - ty p e  cells 
a t  t h e  b e g i n n i n g  o f  t h e i r  cy c le ,  s u g g e s t i n g  t h a t  s o m e  a s p e c t  o f
C e ll  cycle  s ta g e
Fig. 4 Re la t ionsh ip  between cell p ro te in  c o n te n t  an d  cell-cycle 
t im e  o f  the  stepwise doub l in g  in ra te  o f  po ly A +m R N A  synthesis,  
in yeast s tra ins  o f  a wide range  o f  sizes. Each o pen  circle represents 
the  m id p o in t  o f  a  stepwise d o u b l in g  in ra te  o f  p o lyA +m R N A  
synthesis,  m easu red  in sy n c h ro n o u s  cu l tu res  as  sh o w n  in Fig. 1. 
Closed circles represent  the m e a n  values for  each  strain .  T h e  yeast 
s tra ins used were 972 w ild- type  h ap lo id  ( i ); s t ra in  132 haplo id  
(132); 972 d iploid wild type ( +  /  +  ) ;  wee  1-50 hap lo id  (1-50) 
wee 1-50 dip lo id  (1-50/1-50) a n d  the he te rozygous dip lo id  o f  
wee 1-50 an d  972 wild type (-1/1-50). T h e  cell-cycle t ime scale 
is the t im e  between the m idpo in ts  o f  tw o  successive divisions . 
T h e  po in ts  fo r  t ime o f  doub l in g  in ra te  o f  p o ly A 7 m R N A  synthesis 
a re  p lo t ted  a long  a line show ing  the  increase in p ro te in  con ten t  
du r in g  the cell cycle for  each  stra in .  T hese  lines were calculated  
f rom  the m ean  prote in  con ten t  per  cell in a s y n ch ro n o u s ,  e x p o n ­
ential cu l tu re  for  each  o f  the  s t ra in s  kno w in g  that  protein  
con ten t  per  cell increases close to  exponent ia l ly  du r in g  the  cell 
cycle”. T h e  p ro te in  per  cell d a ta  fo r  the th ree  d ip lo id  lines have 
been divided by tw o  to permit  c o m p a r i s o n  with  the hap lo id  lines.
cell size might be important. We have studied this quantitatively 
by taking cell protein content as a measure of size. Knowing 
the protein content per cell in asynchronous, exponential 
culture (Table 1), and that protein per cell increases close to 
exponentially through the cell cycle“, we can calculate changes 
in protein per cell during the cell cycle of each strain. Figure 4 
shows that in wee 1-50 and wild type, the doubling in rate of 
polyA 'm R N A  synthesis occurred in cells with similar protein 
contents. To examine this further, we have measured the time 
when the rate of polyA 'm R N A  synthesis doubles in another 
haploid strain (132) of wild-type size5, and in a series of diploid 
strains of different sizes. All strains investigated showed a 
stepwise doubling in the rate o f po lyA 'm R N A  synthesis in 
synchronous culture; all have similar mean generation times. 
The protein contents o f the diploid strains have been divided 
by two before plotting (Fig. 4), to allow comparison directly 
with the haploid strains.
In the six strains, the times at which the rate of polyA+mRNA 
synthesis doubles are distributed throughout the cell cycle. 
However, all strains double their rates o f polyA 'm R N A  
synthesis when the cells have very similar levels of protein per 
haploid genome (Fig. 4). This suggests a cell size-related control 
over the timing of the doubling in rate o f po lyA 'm R N A  
synthesis in the cell cycle.
We propose that in cells in steady-state growth, the rate of 
synthesis o f the majority of polyadenylated mRNAs is under a 
general control. This sets the rate per cell at one of two levels, 
the higher rate being double the lower. The cell switches from 
the lower to the higher rate on attaining a critical size or mass. 
The control consists o f two parts; the recognition of the 
threshold size, and the means by which the rate o f polyA 'm R N A  
synthesis is maintained at the two discrete levels.
Recognition o f the threshold cell size might involve m onitor­
ing some aspect o f cell growth. Such size-monitoring mechanisms 
have been proposed as controls o f initiation of D NA replication 
and mitosis10. An example would be the ‘inhibitor dilution’ 
model as proposed by Pritchard11. A regulator o f mRNA 
synthesis would be synthesised as a pulse once per cycle. When 
the concentration of this regulator is reduced to a threshold 
value by increase in cell volume, the doubling in rate of 
polyA7m R N A  synthesis would be effected. Our comparison of 
haploid and diploid strains suggests that the am ount o f regulator 
synthesised would be a constant am ount per haploid genome, 
not a constant am ount per cell. We do not know the nature of 
this regulator, but a promising candidate would be a molecule 
analagous to ‘magic spot’ which is involved in a stringent type 
of contro l12.
The simplest mechanism whereby the rate o f mRNA synthesis 
could be maintained at one rate or twice that rate is one based 
on a modification of the gene dosage model. This type of model 
is supported by our experiments on the rate o f polyA 'm R N A  
synthesis after inhibition of DNA accumulation by hydroxyurea 
(Fig. 3), and by the observation that the absolute rates of 
po lyA 'm R N A  synthesis per cell before and after the step 
doubling are the same in wee 1-50 and wild type (Table 2). 
However, since the doubling in rate o f polyA 'm R N A  synthesis 
may occur much later than DNA replication, as in wee 1-50, 
there must be some further mechanism to maintain the rate of 
po lyA 'm R N A  synthesis at the pre-replication rate until the
threshold cell size is reached. This could involve some form of 
temporary masking of one of the two copies of each gene present 
after replication3,13"15, only one of which would be active until 
the cell had attained the threshold size. Alternatively, there 
could be some form of gene dosage compensation such as is 
found in Drosophila10. In this model the rate o f transcription 
of each of the two gene copies present after DNA replication 
would be half that o f the single copy present before replication. 
The rate of transcription of both copies would be doubled when 
the cell attained the threshold size. This control could act 
through the availability o f RNA polymerase or its regulatory 
subunits, though in these cases it is not clear why the rate of 
transcription should necessarily double as a step.
The proposed general control over rate of mRNA synthesis 
does not exclude the possibility that the rate of transcription of 
individual genes is also subject to other, more specific controls.
Significance of cell size control
The cell size-related control over time of doubling in rate of 
polyA 'm R N A  synthesis has several implications for the control 
of balanced exponential growth. It will maintain the average 
polyA 'm R N A  content per cell as a constant proportion of 
total cell mass during exponential growth, and will ensure that 
polyA 'm R N A  content per cell doubles over the course of each 
cell cycle. This regulation of balanced growth and duplication 
will operate even in cells dividing at different sizes and growing 
at different absolute growth rates per cell. Thus the control 
could maintain the concentration of polyA lm RNA within a 
range suitable for further post-transcriptional modulation.
It has been shown5 that a doubling in the rate o f mRNA 
synthesis in each cell cycle could lead to observed patterns of 
accumulation and doubling of certain enzymes in each cell 
cycle3. A cell size-related control over the time of doubling in 
rate of m RNA synthesis therefore offers the possibility o f a 
widespread regulation of the synthesis o f those enzymes not 
subject to specific controls at the transcriptional or translational 
levels.
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A L T E R E D  P A T T E R N S  OF  R I B O N U C L E I C  A C I D  
S Y N T H E S I S  D U R I N G  T H E  C E L L  C Y C L E :  
A M E C H A N I S M  C O M P E N S A T I N G  F O R  
V A R I A T I O N  I N  G E N E  C O N C E N T R A T I O N
R. S. S. F R A S E R *  a n d  P A U L  N U R S E
Department of Zoology, University of Edinburgh, West M ains Road,
Edinburgh EHg hJT , Scotland
S U M M A R Y
In the fission yeast Schizosaccharomyces pombe, a series of diploid mutants divides at smaller 
cell sizes than wild type. In these smaller strains, the mean gene concentration (defined by 
previous authors as the D N A  to protein ratio) is higher than in wild type. Such an increase in 
gene concentration should also increase the concentration of those components such as m es­
senger and ribosomal R N A , whose rate of synthesis is determined by gene dosage. We show 
that the mean concentrations of these 2 R N A  species in the small cells are not increased, but are 
the same as in wild type. T h e  small mutant cells are thus able to compensate for changes in 
gene concentration. T h is compensation is shown to operate through differences in the patterns 
of synthesis of R N A  during the cell cycle. In all the strains of the diploid series, the rates of 
synthesis of messenger and ribosomal R N A  double as steps once in each cell cycle. T h e timings 
of the steps in the cell cycle appear to be cell-size related, since the smaller the cell at division, 
the later are the steps in the cell cycle. In contrast, there is comparatively little variation in the 
timing of D N A  replication in the cycles of cells of different sizes. We propose that after D N A  
replication, there is a delay before doubling in the rate of transcription. Such a cell mass- 
related delay is all that is required to compensate for increased gene concentration, and results 
in the same mean functional D N A  concentration in all strains. Th is mechanism will maintain the 
same mean messenger and ribosomal R N A  concentrations in cells dividing at different sizes. 
Ways in which the cell size-related control over transcription may operate are discussed.
I N T R O D U C T I O N
Gene concentration can vary  between cells o f the same species. T h ere  are 3 w ays in 
which this variation can arise. T h e  mean num ber o f copies o f a gene per cell can vary, 
an example being the genes carried on the X  chrom osom e. In  a cell o f the hom ogam etic 
sex (usually the male) w ith  one X  chromosome, there are h alf as m any copies o f these 
genes as in a cell o f the heterogam etic sex (usually the fem ale) with 2 X  chrom osom es. 
Secondly, gene concentration w ill be altered if  the mean num ber o f gene copies per 
cell remains the same, but if m ean cell size varies. T h u s a cell sm aller than norm al w ill 
have a higher m ean gene concentration. T h ird ly , any alteration in the tim ing o f D N A  
replication during the cell cycle w ill alter the average gene concentration o f cells in 
steady-state growth.
Variation in gene concentration poses questions about the regulation o f synthesis o f
* Present address: Biochemistry Section, National Vegetable Research Station, Welles- 
bourne, Warwick C V 35 9EF , England.
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gene products. F o r genes regulated autogenously or by feedback effectors, variation in 
gene product concentration will be less than corresponding variation in gene concen­
tration, and m ay becom e negligible if  the pow er o f control in the regulatory circuit is 
sufficiently high (Chandler &  Pritchard, 1975). A  contrasting case is where the rate of 
synthesis of a gene product is determ ined by gene dosage, that is b y  the num ber of 
copies of the gene in the cell. In  both prokaryotes and eukaryotes, there is evidence 
that gene dosage can be a m ajor com ponent o f the controls lim iting rates o f synthesis of 
certain proteins (H ilger et a!. 19 7 3 ; Reichart &  W inter, 19 7 5 ; K uem pel, M asters & 
Pardee, 19 6 5 ; D onachie, 19 6 5 ; H elm stetter, 1968) and of m essenger and ribosomal 
R N A s  (Pfeiffer &  Tolm ach, 19 6 8 ; K levecz &  Stubblefield, 19 6 7 ; Fraser &  Carter, 
19 7 6 ; Fraser &  M oreno, 1976). In  the absence of other levels o f control, the mean 
concentration of those gene products regulated at the gene dosage level w ill reflect 
variation in gene concentration. It  m ay be difficult for the cell to accom m odate such 
changes in concentration o f gene products and to achieve balanced, steady-state 
grow th, particularly i f  the activity o f a significant num ber of genes is regulated solely 
at the gene dosage level.
In  this paper we explore the consequences of varyin g gene concentration in the 
sim ple eukaryote Schizosaccharom yces pornbe. In  this organism  the rates of both ribo­
somal and polyadenylated m essenger R N A  synthesis double as steps ju st after D N A  
replication in each cell cycle (W ain &  Staatz, 19 7 3 ; F raser &  M oreno, 1976). The 
experim ental evidence suggests that the rates o f R N A  synthesis m ay be determ ined by 
gene dosage (Fraser &  M oreno, 19 7 6 ; Fraser &  N urse, 1978). G ene concentration can 
be conveniently altered in 5. pom be by m aking use of a m utation in the gene wee 1 
w hich determ ines the cell size at which nuclear division is initiated. H aploid  cells of a 
mutant strain wee 1 - 5 0  divide at approxim ately h alf the size o f haploid w ild type cells 
(N urse, 1975). W e have used diploid lines derived from  these haploid parents. The 
diploid wee 1 - 5 0  strain divides at about half the size o f the diploid w ild  type, while the 
heterozygous wee 1-5 0 /w ild  type diploid is interm ediate in cell size at division (P. 
N urse &  P. T h u riau x , unpublished results).
W e have studied the control of R N A  synthesis in these 3 strains, to find how  they 
accom modate their different gene concentrations. Our results suggest that in cells 
dividing at a sm aller m ean size than w ild type, the step doublings in rates o f R N A  
synthesis occur m uch later in the cell cycle than D N A  replication. T h e  point at which 
the step doubling occurs seem s to be cell mass related, since the sm aller the mean cell 
size, the greater the delay. W e suggest that this phenom enon m ay com pensate for the 
observed variation in gene concentration.
A  brief description of some o f our conclusions from  experim ents with haploid and 
diploid strains has been published (Fraser &  N urse, 1978). T h e  purpose o f the present 
paper is to present full experim ental results for the diploid strains, and discuss further 
aspects of the control m echanism . A  theoretical analysis o f the consequences o f a size 
control over transcription for the control of balanced exponential grow th is given in 
the following paper (Barnes, N urse &  Fraser, 1978).
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M A T E R I A L S  A N D  M E T H O D S  
Strains and  genetical procedures
We used the standard genetical procedures for Schizosaccharomyces pombe Lindner as 
described by Gutz, Heslot, Leupold & Loprieno (1974). Derivation of strain wee 1-5 0  from wild 
type strain 972 h~ was as described by N urse (1975). D iploid strains were constructed as 
described by Nurse, Thuriaux & Nasm yth (1976) using the mating-type allele mei 1 - 10 2  as 
described by Egel (1973)-
Culture conditions
Cultures were grown with stirring at 35 °C  in a minimal medium E M M 2 (Mitchison, 1970) 
as modified by Nurse (1975). Synchronous cultures of 1000 to 1300 ml with a starting density 
of 1-2  x 10" cells/ml were prepared by selection of small cells from  15 1. of exponentially 
growing asynchronous culture with a density no greater than 5 x io° cells/ml. Selection of small 
cells was by sedimentation through a 7-5 to 3 0 %  gradient of lactose in culture medium using 
a ¡VI.S.E. Type A  zonal rotor (Mitchison & Carter, 1975). Changes in cell number were moni­
tored using a Coulter Counter as described by Mitchison (1970).
Radioactive labelling
Samples of 50 to 80 ml synchronous culture, containing 1 - 2  x 10 s cells, were withdrawn at 
20-min intervals. These samples were pulse-labelled for 10  min with 2-5 /iCi/m l [2-:!H]adenine 
(Radiochemical Centre, Amersham, U .K .). T h e total adenine concentration was adjusted to 
1 or 3 g/m l with non-radioactive adenine. Under these conditions, less than 10 %  of the isotope 
supplied was taken up during the labelling period. A t the end of the pulse, crushed ice was 
added to stop further incorporation. Cells were harvested by filtration on an Oxoid membrane 
filter with 0-45-/¿m pore diameter. Adenine uptake by the cells was measured and total nucleic 
acid was extracted by a detergent-phenol procedure (Fraser & Moreno, 1976). The rate of 
synthesis of ribosomal R N A  (rRN A ) was determined from the radioactivity of the 25 s plus 
18 s rR N A  peaks after fractionation of samples of total nucleic acid on polyacrylamide gels 
(Loening, 1967) as explained by Fraser & Carter (1976). The rate of synthesis of polyadenylated 
messenger R N A  (poly(A)+m RN A ) was measured by the radioactivity of that fraction of total 
RN A  binding to oligo(deoxythymidylic acid)-cellulose at high salt concentration. Details of the 
assay and characteristics of the poly(A)+m R N A  fraction isolated are given elsewhere (Fraser, 
tQTS)- Changes in D N A  content during synchronous culture were determined as described by 
Fraser & Moreno (1976).
T o measure the rate of total R N A  synthesis in asynchronous, exponentially-growing cul­
tures, i-m l samples containing 1 - 2  x io 1’ cells were incubated with 2-5 /¿Ci/ml [2-3H]adenine at 
a total adenine concentration of 1 /tg/ml for 5 min. Incorporation of adenine into cold-acid- 
insoluble material was measured as explained by Fraser & M oreno (1976).
Mean D N A , protein and total R N A  contents of cells in asynchronous, exponential culture 
were measured as described by N urse (1975) and Nurse & Thuriaux (1977). M ean poly(A)~m- 
RN A  content was calculated from the ultraviolet absorption spectrum of the poly(A)+m R N A  
fraction isolated as above.
Asynchronous control cultures
Cells harvested from  an asynchronous exponential culture were exposed to conditions similar 
to those used for preparation of synchronous cultures. The cells were resuspended in m edium : 
the suspension was slowly diluted, and the lactose concentration increased, to mimic the zonal 
centrifugation treatment used to prepare synchronous cultures. T h e final lactose concentration 
to which control cells were exposed equalled that in the region of the zonal rotor from which the 
inoculum for a synchronous culture was taken. The total time of exposure to high cell density 
and lactose was similar to the time required for a zonal rotor fractionation of cells. A  sample of 
the lactose-treated cells, containing cells of all sizes and hence of all stages in the cell cycle, was 
used as inoculum for the asynchronous control culture.
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T ab le  i . G eneration times, volum e a t division and  m ean pro te in  a n d  D N A  contents 
o f  3 diploid strains o f  Schizosaccharom yces pom.be
M ean generation M ean volume
time, at division, Protein, D N A ,
Strain min /im3 pg/cell fg/ccll
W ild type/wild type 140 283 22-6 62-8
zcee i —50/w ild type 160 2 31 18-5 60-3
wee 1 - 5 0 / wee 1-5 0 205 144 1 3 0 50-1
M ean generation time, D N A  and protein contents were measured in asynchronous cultures
in the early phase of exponential growth. M ean cell volume at division was measured on samples
of 200 cells with cell plates as described by N urse (1975).
T ab le  2. Concentrations (expressed as jug p er  / ig to ta l pro te in) o f  D N A ,  to ta l R N A  
and  p o ly (A )+m R N A  in  3 diploid strains o f  S . pom be
Strain
D N A /
protein
Total R N A / 
protein
Poly(A) +m R N A / 
protein
W ild tvpe/wild type 2-78 X IO~3 0-219 0-72 X IO~3
zcee I-50/w ild  type 3-25 X IO~3 0-223 0-72 X IO~3
zvee 1 -5 0  /wee 1-5 0 3-85 X i o~3 0-225 0-72 X IO' 3
R E S U L T S
C haracteristics o f  the ye a st strains
T ab le  1 shows that at division, wee 1 - 5 0  diploid cells are approxim ately h alf the 
volum e o f w ild  type diploid cells, w hile the heterozygous diploid is intermediate 
between its 2 hom ozygous parents. A s  5. pom be  cells are slightly irregular in shape, cell 
volum e is difficult to m easure accurately, especially if  changes in volum e through the 
cell cycle are to be considered. W e w ill therefore use total protein per cell as a more 
reliable and easily m easurable index o f cell size. T ab le  1 show s that by this criterion 
also, wee 1 - 5 0  diploid cells are about half the size o f w ild  type diploid cells, with the 
heterozygous diploid again interm ediate betw een its 2 parents. In  exponentially 
grow ing, asynchronous cultures, the m ean generation tim e of the heterozygous 
diploid is close to that of w ild type diploid cells. T h e  mean generation tim e o f wee 1-5 0  
diploid cells is appreciably longer than that o f w ild  type diploids. T h is  difference will 
be discussed in more detail later.
U sin g total protein content as a m easure o f cell size, we have calculated m ean cell 
concentrations (i.e. per unit total protein) of D N A , po ly(A )+m R N A  and total R N A  
(T able 2). It is clear that there is considerable variation in gene concentration (D N A  to 
protein ratio) between the 3 strains. In  contrast, poly(A )+m R N A  and total R N A  con­
centrations are identical in all 3 strains. T h u s cells are able to com pensate for variation 
in gene concentration. T o  investigate further the m echanism s m aintaining poly- 
(A )+ m R N A  and total R N A  concentrations at the sam e levels in all strains, we followed 
the patterns o f R N A  synthesis during the cell cycle for each strain.
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Patterns o f  m acromolecular synthesis through the cell cycle
Fig. 1 shows results obtained from  a synchronously dividing culture o f w ild type 
diploid cells. Cell num ber per m l increased in a series o f steps. T h e  m id-points of 
2 successive step-doublings in num ber are taken to m ark o-o and i-o o f the cell cycle. 
The time during the cell cycle at which a particular event occurs is expressed as a 
fraction of the cell cycle using this scale.
Tim e, h
Fig. 1. Changes during growth of a synchronous culture of wild type/wild type 
diploid cells of Schizosaccliaromyces pombe. The vertical scale is a log scale marked in 
arbitrary units; the absolute value of 1 scale unit is indicated in brackets for each 
parameter. # ,  cells/m l (1 scale unit equals 10 11 cells/m l); □ ,  D N A  content per ml 
culture (relative units); 0 > rate of p o ly(A R m R N A  synthesis per ml culture (1 scale 
unit equals 2500 cpm /m l culture); A,  rate of ribosomal R N A  synthesis per ml culture 
(relative units); V,  rate of adenine uptake per ml culture (1 scale unit equals 2 x io 5 
cpm/ml). Values for poly(A)+m R N A  synthesis are means ± standard errors of 
6 determinations. T h e vertical bars on each curve show the mid-point of a stepwise 
increase in that parameter, measured as half-way between the plateaux levels before 
and after the step.
In w ild type diploid cells, D N A  replication occurred very early in the cycle, at 
about the same tim e as cell division (F ig . 1). A  sim ilar early tim ing of D N A  replication 
has been reported for haploid w ild type cells (M itchison &  Creanor, 19 7 1) . T h e  rate o f 
poly(A )+m RN A  synthesis rose discontinuously during grow th o f the culture, w ith 
a stepwise doubling in rate early in each cell cycle. T h e  m id-point of the doubling was 
o-o to o-i of a cycle later than the m id-point o f D N A  accum ulation. A lthough few er
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observations were m ade, the rate o f synthesis of rR N A  also appeared to double in a 
stepw ise m anner during the cell cycle, at about the sam e tim e as the doubling in rate of 
po ly(A )+m R N A  synthesis. S im ilar early doublings in the rates o f r R N A  and poly- 
(A ) ; m R N A  synthesis have been reported in the cell cycle o f haploid cells o f w ild  type 
size (Fraser &  M oreno, 19 7 6 ; Fraser &  N urse, 1978).
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Tim e, h
Fig. 2. Changes during growth of a synchronous culture of zvee 1 — ¡o/zvee 1-5 0  
diploid cells of 5 . poinbe. The vertical scale is a log scale marked in arbitrary u n its: the 
absolute value of 1 scale unit is indicated in brackets for each parameter. 0 ,  cells/ml 
(1 scale unit equals io ° cells/m l); □ ,  D N A  content per ml culture (relative units);
O , rate of poly(A)~m RN A synthesis per ml culture (1 scale unit equals 1250  cpm/ 
m l); A , rate of ribosomal R N A  synthesis per ml culture (relative units); V , rate of 
adenine uptake per ml culture (1 scale unit equals 2 x 10 5 cpm /m l). Values for 
poly(A) m R N A  synthesis are means ± standard errors of 6 determinations. T h e vertical 
bars on each curve show the m id-point in a stepwise doubling in that parameter.
F ig . 2 shows that in a synchronous culture of the hom ozygous wee 1 - 5 0  diploid, the 
m id-point of D N A  replication was at 0-3 to 0-4 of the cycle. T h is  is later than in wild 
type diploid cells (F ig . 1)  and a little later than in haploid wee 1 - 5 0  cells (Nurse,
1975). T h e  late occurrence of D N A  replication in the wee 1 - 5 0  diploid is consistent 
with its m ean D N A  content per cell in asynchronous, exponential culture being lower 
than that of w ild  type diploid cells (T able  1). T h e  rates o f poly(A) "m R N A  and rR N A  
synthesis in synchronous cultures o f wee 1 - 5 0  diploid cells increased periodically,with 
stepwise increases in rate once per cell cycle (F ig . 2). H ow ever, in contrast to w ild type, 
the m id-points of the steps were m ore than h alf a cycle later than the m id-point of 
D N A  replication, and were close to the end of the cycle. T h e  stepw ise increases in 
rates of R N A  synthesis in hom ozygous zvee 1 - 5 0  diploid cells were not doublings, but
were between 1-5  and 1-7 tim es. Sim ilarly , at each division the increase in cell num bers 
was within the range 1-5  to i-8 tim es. T h is  lack o f doublings w ill be discussed later.
In  synchronous cultures of the heterozygous wee 1 -5 0 / w ild  type diploid (F ig . 3) the 
mid-point of D N A  replication was at the start of the cycle, as in w ild type diploid cells 
(Fig. 1). P o ly(A )+ m R N A  and r R N A  synthesis each showed a single stepwise doubling 
in rate during each cell cycle. T h e  m id-points o f the rate doublings occurred at about 
mid-cycle, considerably later than the corresponding rate doublings in w ild  type cells, 
and about half a cycle later than the m id-point o f D N A  replication in the heterozygous 
diploid.
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Fig. 3. Changes during growth of a synchronous culture of wee 1 —50/w ild type 
heterozygous diploid cells of S . pombe. The vertical scale is a log scale marked in 
arbitrary units; the absolute value of 1 scale unit is indicated in brackets for each 
parameter. O , cells/ml culture (1 scale unit equals io ° cells/m l); □ ,  D N A  content 
per ml culture (relative units); O , rate of poly(A)+m R N A  synthesis per ml culture 
(1 scale unit equals Z jo o cp m /m l); A,  rate of ribosomal R N A  synthesis per ml 
culture (relative units); V,  rate of adenine uptake per ml culture (1 scale unit equals 
3 x io 5 cprn/ml). Values for rate of poly(A)”'m R N A  synthesis are means ± standard 
errors of 6 determinations. T h e vertical bars on each curve show the m id-point of a 
stepwise doubling in that parameter.
We have interpreted changes in the rate of incorporation o f adenine into R N A  as 
reflecting changes in the rate o f R N A  synthesis, rather than m erely changes in the rate 
of adenine uptake by the cells. F igs. 1 - 3  show  changes in the rate of adenine uptake 
during synchronous cultures o f the 3 strains. In  each case, the rate o f adenine uptake 
increased continuously, or close to continuously. T h erefore changes in the rate of 
adenine uptake are unlikely to have accounted for the sharp changes in rate o f incor­
poration of adenine into R N A .
Before considering the stepwise changes in rates o f rR N A  and poly(A )+m R N A  
synthesis as cell cycle-related events, it is necessary to establish that they are not 
m erely artifacts produced by the conditions required to prepare a synchronously 
dividing culture. In  control experim ents, changes in the rate o f poly(A )+m R N A  and 
r R N A  synthesis w ere exam ined in cultures inoculated with cells w hich had been 
exposed to the conditions used for preparation o f a synchronous culture, but in which 
the inoculum  consisted o f cells from  all stages o f the cell cycle. F ig . 4 show s an
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Tim e, h
Fig. 4. Changes during growth of an asynchronous control culture of S . pombe. The 
vertical scale is a log scale marked in arbitrary units. The absolute value of 1 scale unit 
is indicated in brackets for each parameter. # ,  cells/m l (1 scale unit equals to 11 cells/ 
m l); O, rate of poly(A)_m R N A  synthesis per ml culture (1 scale unit equals 3000 
cpm /m l); A,  rate of ribosomal R N A  synthesis per ml culture (relative units); V,  
rate of adenine uptake per ml culture (1 scale unit equals 3 x to 5 cpm /m l). Values 
for rate of po ly(A )' m R N A  synthesis are means ±  standard errors of 6 determinations.
exam ple of a control culture. Cell num ber, and rates o f adenine uptake, po ly(A )+m R N A  
synthesis and rR N A  synthesis all rose continuously, with no suggestion o f discontinu­
ous changes in rate. W e conclude that the stepwise changes in rates o f R N A  synthesis 
found in synchronously dividing cultures are cell cycle-related events.
Relationship between D N A  replication and  changes in rate o f  R N A  synthesis
Earlier experim ents w ith haploid cells o f w ild type size (Fraser &  M oreno, 1976) 
suggested that the stepwise doubling in rate o f p o ly(A )+m R N A  synthesis depended on 
the occurrence o f the im m ediately preceding round o f D N A  replication. In  the case of 
the heterozygous wee 1 -5 0 /w ild  type diploid and hom ozygous zvee 1 - 5 0  diploids, there 
was a long delay between D N A  replication and the doubling in rate of R N A  synthesis
in synchronous culture. T o  test whether these late changes in rate o f R N A  synthesis 
depended on the preceding round o f D N A  replication, we follow ed the rate o f total 
R N A  synthesis in asynchronous cultures after inhibition o f D N A  synthesis by 
hydroxyurea. A t a concentration of 1 1  m M , this inhibitor depresses D N A  synthesis to 
less than one quarter of the control rate w ithin  5 m in o f addition (M itchison &  
Creanor, 19 7 1 ;  Fraser &  N urse, 1978). F ig . 5 shows that in w ild  type diploid cells, the 
rate of R N A  synthesis becam e constant w ithin 10  to 15  m in of addition o f the inhibitor. 
In homozygous wee 1 - 5 0  diploid cells, the delay betw een addition of inhibitor and 
onset of a constant rate of R N A  synthesis w as 8 0 -10 0  min, or about o-6 o f a cell cycle.
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Fig. 5. Changes in rates of total R N A  synthesis in asynchronous exponential phase 
cultures of 3 diploid strains of S . pombe, after inhibition of D N A  synthesis. Initial 
density of cultures was between 0-2 and 1 x i o i; cells/ml. O , • ,  w ild type/w ild type 
diploid cells; □ ,  ■ ,  wee 1-50 /w ild  type diploid cells; A , ▲ ,  tree 1 - 50 /ivee 1 -5 0  diploid 
cells. Cultures were split at time o ; hydroxyurea was added to one half of each 
culture to a final concentration of 1 1  m M . Closed symbols show rates of R N A  syn­
thesis in hydroxyurea-treated subcultures. Open symbols show rates of R N A  synthesis 
in control, untreated cultures.
In heterozygous wee 1 -5 0 /w ild  type cells, there was a delay o f 50 to 70 min, or about
0-45 of a cell cycle, between addition of hydroxyurea and the onset o f a constant rate of 
R N A  synthesis.
These results are consistent w ith the follow ing m odel: the stepwise doublings in 
rates of rR N A  and p o ly(A )+m R N A  synthesis in each cell cycle are dependent on the 
previous round of D N A  replication. H ow ever, in the case o f the hom ozygous wee 1 - 5 0  
and heterozygous wee 1-5 0 /w ild  type diploids, there is a fraction of the cell cycle 
during which the cell has com pleted replication o f its D N A , but has yet to double its 
rate of transcription. In  asynchronous cultures (Fig . 5), there w ill be a proportion of 
cells in this state: these account for the period after addition of hydroxyurea, during 
which the rate of R N A  synthesis rose as in the controls. It is consistent w ith this
argum ent that for each o f the 3 strains, the length o f the delay betw een addition of 
hydroxyurea and the onset of a constant rate o f R N A  synthesis w as sim ilar to the 
period between the m id-points o f D N A  replication and the follow ing step-doublings 
in rates o f R N A  synthesis in synchronous cultures.
H yd roxyurea is the only inhibitor of yeast D N A  synthesis known to produce the very 
rapid inhibition o f D N A  synthesis required for these experim ents. It  does, however, 
suffer from  the draw back that it has been shown to inhibit cell grow th and precursor 
uptake at concentrations only a little higher than required for inhibition o f D N A  
synthesis (M itchison &  Creanor, 19 7 1) . In  our experim ents, the rate o f adenine 
uptake in hydroxyurea-treated cultures did not deviate from  that in control cultures 
until well after the onset o f a constant rate o f R N A  synthesis. T h ere  was also no effect on 
general grow th o f the culture, as m easured by optical density, until long after the effects 
on R N A  synthesis had been noted. H ow ever, because o f possible side effects, w e cannot 
entirely exclude the possibility that the constant rates o f R N A  synthesis came about 
indirectly, through inhibition o f som e other aspect o f m etabolism  by hydroxyurea.
D I S C U S S I O N
T h e  3 diploid strains had different mean sizes and consequently different m ean D N A  
concentrations (T ables 1 ,  2). D N A  replication in the wee 1 - 5 0  diploid occurred later 
in the cell cycle than in the w ild type or heterozygous diploid strains (Figs. 1 - 3 ) . The 
tim ings of D N A  replication in the 3 strains are consistent with the hypothesis that 
D N A  replication cannot take place in cells w hich have not com pleted m itosis and 
which are beneath a m inim um  size (N urse &  T h u riau x , 1977). Furth er evidence for 
this hypothesis will be discussed elsewhere (K . N asm yth, P. N u rse &  R . S . S. Fraser, 
in preparation). T h e  delayed D N A  replication in wee 1 - 5 0  diploid cells served partly 
but not com pletely to com pensate for the increased D N A  concentration caused by the 
sm all mean size o f cells of this strain.
D espite the i-q-fo ld  variation in gene concentration in the 3 diploid strains, the 
concentrations of total R N A  and poly(A )+m R N A  were the sam e in all 3 lines. In  all 
3 strains, the rates of r R N A  and po ly(A )+m R N A  synthesis increased as a step once in 
each cell cycle, but the tim ing o f the steps differed in the different strains. T h e  smaller 
the cell at division, the later in  the cell cycle w ere the steps in rates o f rR N A  and 
poly(A )+m R N A  synthesis.
T h e  follow ing paper (Barnes et al. 1978) show s that the observed differences in 
time o f these rate doublings in the 3 strains are sufficient to m aintain the sam e mean 
total R N A  and poly(A )+m R N A  concentrations in  cells o f these different sizes. In  this 
discussion we are concerned w ith 2 questions: what determ ines the cell cycle stage at 
which the doubling in rate o f synthesis occurs, and what m echanism  fixes the synthetic 
rate before and after the rate doubling.
C ell cycle control o f  transcription
Cell size-m onitoring m echanism s have been proposed as controls of initiation of 
D N A  synthesis and mitosis (Fantes et al. 1975). T h e  observed correlation between cell
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size and cell cycle stage o f doubling in rate of R N A  synthesis suggested that some 
aspect of cell size m ight also be involved in the control of initiation o f the rate increase. 
We have exam ined this quantitatively by taking total protein as an index of cell size. 
Know ing the m ean protein content per cell in exponential, asynchronous culture, and 
knowing that total protein increases close to exponentially during the cell cycle (Steb- 
bing, 19 7 1) , we have calculated the protein per cell at the tim e of the m id-point of 
each doubling in rate of po ly(A )+m R N A  synthesis (T ab le  3). F o r the 3 diploid strains, 
the doublings in rate o f p o ly(A )+m R N A  synthesis occurred w hen the cells had very 
similar protein contents.
Table 3. M ea n  pro te in  per cell values a t various stages o f  the cell cycles o f  3 diploid and  
2 haploid strains o f  S .  pom be, and  cell cycle stage o f  m id-po in t in doubling in rate o f  
p o ly (A )+m .R N A  synthesis in each strain
Protein content at 
m id-point of doubling 
Cell cycle stage of rate of poly(A)+m R N A  
pg protein/cell at of m id-point in synthesis
,------------- A------------- , doubling of rate , A ,
Start of End of of polv(A)+m R N A  pg/haploid
Strain cycle cycle synthesis pg/cell genome
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Diploids
Wild type/wild type 16-3 32-6 0-03 ±  0-02 16-6 ± o-2 8-3 ± o -i
wee 1 —50/w'ild type 13-3 2 6 6 0-50 ± 0-03 18-9 +  0-3 9-5 ±0-2
iree 1-^ 0  fr e e  1-5 0 9-0 18-8 I -04 ± CO4 19-0 + o-6 9-5 ± 0-3
Haploids 
Wild type 8-8 17'S o - iI ± 0-04 9 'S ± 0-2 9-5 +0-2
iree 1-50 5'0 io-o o-8i ± 0-06 8-7 ±  0-4 8-7 ± 0-4
Protein values were calculated from the measured mean protein content of cells in asyn­
chronous exponential growth, using the cell age-distribution equation, and knowing that protein 
rises close to exponentially during the cell cycle. T im e of m id-point of doubling in rate of 
poly(A) m R N A  synthesis was measured in synchronous cultures (Figs. 1 - 3 )  and expressed in 
cell cycle units. Protein content per haploid genome for the diploid strains was obtained by 
dividing the value per cell by 2. Values are means ± standard errors. Values for haploid strains 
are from Fraser & Nurse, 1978.
T h e w ild type and ivee 1 - 5 0  haploid lines, for com parison, doubled their rates of 
poly(A )+m RN A  synthesis when their protein contents w ere quite different from  the 
three diploid lines (T able 3 ;  haploid data from  Fraser &  N urse, 197S). H ow ever, i f  the 
protein contents per cell at the time of rate doubling are expressed per haploid genome,
i.e. by dividing the diploid values by 2, it is clear that all 5 strains, diploid or haploid, 
doubled their rate o f po ly(A )+m R N A  synthesis w hen at a very  sim ilar protein content 
(Table 3). Sim ilarly, the doubling in rate of rR N A  synthesis also occurred in cells o f a 
similar protein content per haploid genome, although the data available are less exten­
sive. These results suggest that the rate doublings are triggered when the cells reach 
a threshold size, and that the controlling aspect of size is m onitored on a per haploid 
genome basis. T h e  com parison of haploid and diploid lines suggests that m onitoring 
mechanisms based on surface area to volum e ratios can be excluded.
One type o f m echanism  which would fit our results is the inhibitor-dilution model, 
such as has been proposed for the control of initiation of D N A  replication in Escherichia 
coli by Pritchard, Barth &  C ollins (1969). A  pulse of inhibitor is synthesized at a par­
ticular point in the cell cycle, for exam ple at D N A  replication or nuclear division. 
W hen diluted by cell grow th to below a threshold level, the doubling in rate o f tran­
scription is initiated. I f  the am ount of inhibitor synthesis per cell is constant, and the 
inhibitor is stable, then all cells w ill have to grow  to the sam e size to reduce the 
inhibitor concentration to the sam e threshold level. C om parison o f diploid and 
haploid lines suggests that the am ount o f inhibitor synthesized m ust be a constant 
am ount per haploid genom e. T h is  w ould occur if  inhibitor synthesis w ere gene-dosage 
dependent, and if  the inhibitor genes were only available for transcription for a limited 
period during each cell cycle.
A n  alternative m echanism  is that som e controlling com ponent is synthesized at a 
rate proportional to cell mass (Som payrac &  M aaloe, 19 73). W hen a certain am ount of 
this com ponent has been accum ulated per cell the events leading to the doubling in 
rates of R N A  synthesis are set in motion. I f  the am ount that has to be accum ulated is 
double in a diploid then the doubling in rate o f R N A  synthesis w ill take place in cells of 
a constant size per haploid genome.
W e do not know the biochem ical m echanism  by w hich a cell m ass-related control 
could alter the rates o f R N A  synthesis. It  is even possible that the m ass control acts on 
som e separate com ponent of cell m etabolism , and that the induced cyclic behaviour of 
that com ponent entrains the periodic changes in rates of R N A  synthesis (Goodw in, 
W 63)-
M echanism s setting the rates o f  R N A  synthesis
T h e  cell cycle patterns o f R N A  synthesis in the 3 diploid strains m ay be interpreted 
in term s of a model outlined briefly elsewdiere (Fraser &  N urse, 1978). T h is  m odel pro­
poses that the rates o f synthesis o f rR N A  and the m ajority o f polyadenylated m R N A s 
are under a general control, perhaps analogous to stringent control o f R N A  synthesis 
in bacteria (Cashel &  Gallant, 1974). T h is  control sets the rates at a certain level at the 
beginning of the cycle, and at tw ice that rate w hen the cell attains a threshold size.
T h e  dependency of the doubling in  rates on the previous round o f D N A  replication 
suggests that the setting o f the rate at each level m ay be based ultim ately on gene 
dosage. H ow ever, the rate cannot depend solely on gene dosage, as in wee 1 - 5 0  diploid 
and heterozygous diploid cells, a considerable delay occurs between D N A  replication 
and doubling in the rate o f R N A  synthesis. T h ere  m ust be some m echanism  in these 
strains to keep the rate o f R N A  synthesis at the lower level during the period between 
replication of the genom e and the attainm ent of a critical cell size.
One possibility w ould be that h alf of the copies of each gene present after D N A  
replication m ight be com pletely inactivated until the cell reached the threshold size. 
Such inactivation could be caused by D N A  m odification (Flolliday &  Pugh, 1975), by 
chromosomal folding (Vaughan, 1977) or by  chrom osom al proteins (Paul &  G ilm our, 
1968). A n  analogous form  o f control exists over those genes situated on the X  chrom o­
som e in mammals. In  fem ales, w ith 2 X  chrom osom es and hence tw ice as m any X
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chromosome genes as males, com pensation for the doubled concentration o f these 
genes is by com plete inactivation o f one o f the 2 X  chrom osom es (Lyon , 19 6 1, 1972). 
In  this context, it is interesting that in the early fem ale m am m alian em bryo both X  
chromosomes are active (M onk &  K athuria , 19 77). O nly later, during cell cleavage 
when the cells get sm aller is one o f the X  chrom osom es inactivated. Perhaps w hen the 
cells are reduced beneath a certain critical size, a m echanism  sim ilar to that observed 
in S . pom be  operates to inactivate one o f the X  chrom osom es.
Alternatively, the rate o f transcription m ight be m aintained at the p re -D N A  
replication rate if  the 2 copies o f each gene present after replication w ere transcribed, 
on average, at half the rate o f transcription o f the single copy present before replica­
tion. On reaching the threshold size, the rate o f transcription o f both copies w ould 
double, to equal that o f the single copy present before replication. A  sim ilar m echan­
ism exists in dosage com pensation of the X  chrom osom e in D rosophila  (Lucchesi, 
19 7 3 ; Courtright, 1976). In  this organism , the 2 genes present on the 2 X  chrom o­
somes in the fem ale are each expressed at half the rate of the single gene present on the 
single X  chromosome in the male. T h e  m eans by w hich the rate o f transcription per 
gene could be restricted in S . pombe to h alf o f the rate before D N A  replication are not 
clear. T h e  m echanism  could involve lim ited availability o f the gene, or control by 
altered activity o f R N A  polym erase or some other com ponent of transcription.
We have discussed 3 exam ples from  eukaryotes of m echanism s com pensating for 
increased gene concentrations. A ll operate by effectively reducing the m ean concen­
tration of active D N A . In  the prokaryote Escherichia coli, a m echanism  com pensating 
for a reduced gene concentration has been proposed. C handler &  Pritchard (19 75) 
suggested that when gene concentration is reduced, the rate of total protein synthesis is 
maintained by low ering the level o f repression o f those genes subject to specific 
controls at the transcriptional level.
Elsewhere, we have considered how a cell size-controlled doubling in rate o f R N A  
synthesis m ay be of w idespread im portance in the control of enzym e accum ulation and 
balanced exponential grow th o f N. pom be  cells (Fraser &  M oreno, 19 7 6 ; Fraser & 
Nurse, 1978 ; Barnes et al. 1978). It  should be em phasized, how ever, that the proposed 
general size control over rate o f m essenger R N A  synthesis is obviously not the only 
mechanism controlling cell grow th and enzym e synthesis in S . pombe. Som e genes, such 
as those associated with periodic events like D N A  replication, m ay be transcribed 
periodically. Transcription  o f some is induced by alteration in nutrient conditions 
(Mitchison &  Creanor, 1969). T h ere  is also evidence that synthesis o f som e enzym es 
may be regulated at the translational level (Creanor, M ay  &  M itchison, 19 7 5 ; Fraser, 
Ï9 7 S ). T h e proposed cell size-related general control over gene activity also does not 
exclude the possibility that genes are ind ividually subject to further, specific controls.
Lim its o f  the compensation m echanism  in S .  pom be
I f  the doubling in rate of R N A  synthesis is dependent on D N A  replication, there are 
limits to the cell size range over w hich the com pensation m echanism  w ill function 
effectively. In  cells o f w ild type size, D N A  replication and thus the doubling in rate of 
R N A  synthesis cannot occur significantly earlier in the cycle, as D N A  replication
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cannot take place before com pletion o f m itosis (N urse &  T h u riau x , 1977). A n y  increase 
in mean cell size at division of such cells would reduce the gene concentration and the 
steady-state R N A  concentration.
T h e  m echanism  of the size control initiating the doubling in rate o f R N A  synthesis 
m ay also set a lim it to how sm all a cell can be. F o r  exam ple, i f  the rate doubling is 
triggered when a certain amount o f com ponent has been accum ulated per cell, since 
division will halve that amount, a cell which has not reached the threshold level of 
com ponent at division w ill never do so. W ith this m echanism  the sm allest cell which 
could maintain a constant mean concentration o f R N A  would be about h alf the size of 
w ild type. A  sim ilar m inim um  cell size w ould also apply to the inhibitor-dilution 
m odel if  the inhibitor were m ade at a constant time in the cell cycle, say just after cell 
separation. H ow ever, if  the inhibitor w ere m ade at the time o f D N A  replication, which 
takes place later in the cycle in sm all cells, the m inim um  cell size w ould be less than 
half that o f w ild type.
T h e  nature o f the m echanism  lim iting the rate o f transcription betw een D N A  
replication and doubling in rate o f R N A  synthesis m ay also have a bearing on m ini­
m um  cell size. I f  one copy o f each gene is inactivated until the threshold size is reached, 
and the cell undergoes nuclear division beneath this size, then by independent segrega­
tion of sister chrom atids each daughter nucleus w ould have an incom plete com ple­
ment of active genes. T h is  is likely to be a non-viable situation, and w ould place a 
lower lim it on viable cell size.
In  this context, it is interesting to return to the behaviour o f the wee 1 - 5 0  diploid in 
synchronous culture. T h e  interval between successive divisions in synchronous culture 
of wee 1 - 5 0  diploid cells was the sam e as in w ild type diploids, w hile in asynchronous 
culture the m ean cell num ber doubling time of the wee 1 - 5 0  diploid w as much longer 
than that of w ild type diploids. T h e  increase in cell num ber at each division in syn­
chronous cultures of wee 1 - 5 0  diploids w as less than a doubling. T h ese results show 
that in wee 1 - 5 0  diploid synchronous cultures, a fraction o f cells lost v iab ility  in each 
cell cycle. Cells at the end of their cell cycle w ill show a variation in size: it is possible 
that the sm allest cells were too sm all to activate the doubling in rate o f R N A  synthesis 
before division, and thus became non-viable. T h ese  cells w ould also explain the failure 
of synchronous cultures of wee 1 - 5 0  diploids to double their rates of r R N A  and 
p o ly(A )+m R N A  synthesis in each cycle. It  m ay be relevant to this argum ent that 
m utants sm aller than wee 1 - 5 0  have not yet been found.
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S U M M A R Y
Mutant strains of the fission yeast Schizosaccharomyces pombe are available which divide at 
smaller mean sizes than wild type. Earlier work by the present authors has shown that all these 
strains double their rates of polyadenylated messenger R N A  synthesis as a step once in each cell 
cycle. The smaller the cell, the later in the cycle is the doubling in rate of synthesis. Strains of 
all sizes, however, double their synthetic rate when at the same threshold size. We show here 
that the differences in cell cycle stage of doubling in rate of polyadenylated messenger R N A  
synthesis are enough to explain the reduced mean steady state polyadenylated messenger R N A  
contents of the smaller strains. T h e cell size-related control over doubling in rate of synthesis is 
also shown to maintain the mean polyadenylated messenger R N A  content as a constant propor­
tion of cell mass, irrespective of cell size. Th is control thus allows cells to maintain balanced 
exponential growth, even when absolute grow’th rate per cell is altered by mutation. It is also 
shown that the concentration of polyadenylated messenger R N A  itself could act as a monitor of 
the threshold size triggering the doubling in rate of synthesis in each cell cycle.
I N T R O D U C T I O N
D uring balanced exponential grow th of cell cultures, individual param eters of 
growth rem ain at a constant proportion of total cell mass. A t the level o f the individual 
cell, the amount o f each cell com ponent m ust on average double during each cell 
cycle, so that the daughter cells form ed at division are identical to the parent at the same 
stage in the prececiing cycle. One m echanism  which can account for the doubling in 
amount of a com ponent is a stepwise doubling in the rate o f synthesis o f that com ­
ponent at a fixed point in each cell cycle. In  the fission yeast Schizosaccharotnyces 
pombe, there are periodic doublings once in each cell cycle in the rates o f synthesis 
of several enzym es (M itchison &  Creanor, 1969), ribosom al R N A  (rR N A ) (W ain 
& Staatz, 19 7 3 ; Fraser &  M oreno, 1976) and polyadenylated m essenger R N A  
(poly (A )+m R N A ) (Fraser 6c M oreno, 19 76 ; Fraser &  N urse, 197817).
* Present address: National Vegetable Research Station, W ellesbourne, W arwick C V 35 9EF , 
England.
One approach to the problem  of how  individual grow th param eters m ay be main­
tained at a constant m ean proportion o f cell mass has been made possible by the dis­
covery of m utants o f fission yeast w hich divide at different m ean sizes from  w ild type 
(N urse, 1975). Fraser &  N urse (1978  a, b) showed that the sm aller the cell, the later in 
the cell cycle was the stepwise doubling in rate o f p o ly(A )+m R N A  or rR N A  synthesis. 
In  this paper we will show that the observed delay in the doubling in rate of 
poly(A )+m R N A  synthesis in the cell cycle is enough to account for the reduced 
poly(A )+m R N A  content of the sm aller cells (F ra ser& N u rse , 19 7 8 a). Furtherm ore, if 
the doublings in synthetic rate alw ays occur in cells o f the sam e size, then poly(A )+m R N A  
content will be m aintained at a constant proportion o f cell m ass irrespective o f cell size 
or absolute grow th rate per cell. W e also show that the concentration o f po ly(A )+m R N A  
itself could act as a signal for the onset of doubling in rate o f po ly(A )+m R N A  synthesis 
in each cell cycle.
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T ab le  1 . Volumes a t division and  mean pro te in  contents o f  5 strains o f  
Schizosaccliaromyces pom be
Strain
M ean cell vol. 
at division, 
ftm 3
M ean protein 
per cell,
P g  +  S.E .M .
Haploids
W ild type 149 1 2*I  ± 0'3
zvee 1-5 0 73 6'9 ± 0-4
Diploids
Wild type/wild type 283 22-6 ± 0'5
zvee 1-50 /w ild  type 231 18-5 ± o-S
zvee 1 - 5 0 /zvee 1-5 0 144 13-0 ± 0-2
M A T E R I A L S  A N D  M E T H O D S
W ild type cells were strain 972 h _ of Schizosaccliaromyces pombe Lindner. T h e derived mutant 
zvee 1-5 0  (Nurse, 1975) has an alteration in the control over initiation of nuclear division, such 
that it undergoes nuclear division and cell division at slightly more than half the size of wild 
type. Cell cycle data were obtained for haploid wild type and zvee 1 -5 0  (Fraser & Nurse, 19780) 
and for 3 diploid strains: wild type and zvee 1 -5 0  homozygous diploids and the heterozygous 
zvee 1-50/w ild  type diploid (Fraser & N urse, 19786). T h e 3 diploid and 2 haploid strains 
together cover a size range from approximately 0-6 to 1 -9, relative to the haploid wild type size of
1 -o (Table 1).
R E S U L T S  A N D  D I S C U S S I O N
T ab le  2 sum m arizes the relative poly(A )+m R N A  contents of the 3 diploid and
2 haploid strains studied, and the tim es in their cell cycles when the rate of 
p o ly(A )+m R N A  synthesis underw ent a stepwise doubling. It isc lea rth at in both haploid 
and diploid series, the sm aller the cell, the lower the relative content of p oly(A )+m R N A  
per cell, and the later in the cell cycle the doubling in rate of po ly(A )+m R N A  synthesis.
W e wish first to establish that the delay between doubling in rate o f poly(A )+m R N A  
synthesis in wild type and sm aller mutants is all that is required to account for the
reduced mean po ly(A )+m R N A  content of the sm aller cells. T h is  w ill be done by- 
calculating how much the po ly(A )+m R N A  content o f the sm aller cells would be, if  the 
delay in doubling o f the synthetic rate were the only difference between the 2 strains, 
and com paring this w ith the experim entally m easured ratio.
T ab le  2. M id -p o in ts  o f  doublings in rate o f  p o ly {A )+m R N A  synthesis, and  
p o ly (A )+m R N A  contents o f  5 strains o f  Schizosaccharom yces pom be
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Poly(A)+m R N A  content per
Cell cycle stage cell as a percentage of
of mid-point in wild type of the same
doubling of rate ploidy level
of poly(A)+m RN A A( \
Strain synthesis / Calculated M easured
Haploids
Wild type o-1 1  + 0-04 —■ —  — •
tree 1-50 o-Si ± 0-06 0-70 ±  0-07 63 +  2 59 ± 3
Diploids
Wild type/wild type 0-03 ±  0-02 — —  —
wee 1-50/w ild  type 0-50 ±0-03 0-47 ±  0-04 72 + 2 80 ± 4
wee 1 -50/W e 1-5 0 1 -04 ± 0-04 i-o i ± 0-05 50 + 2 57 ± 3
Mid-points of doublings in rate of poly(A)+m R N A  synthesis were measured in synchronous 
cultures (data from Fraser & N urse, 19 78a, b). / is the time, in cell cycle units, between the mid­
point of doubling in a small mutant cell and in wild type of the same ploidy. Poly(A)'fm R N A  
content of small mutant cells was calculated as 2~' of wild type content, as explained in the text. 
All values are means ± standard errors.
Tim e, t
Fig. x. The assumed patterns of rates of synthesis of poly(A)+m R N A  in wild type
(----- ) and small mutant wee 1-5 0  (------ ) cell cycles. W ild type cells are assumed to
synthesize poly(A)+m RN A at a rate f(i) (------ ), and wee 1 -5 0  cells at a rate i it  — 1)
(------ ). a x and a 2 are the cell cycle stages of the mid-points of the doublings in rate of
polv(A)+m R N A  synthesis in wild type and tree 1 -5 0  cells respectively. I is the time 
between the mid-points of doubling in rates of poly(A)+m R N A  synthesis in wild 
type and wee 1-50 , expressed as a fraction of the cell cycle. One time equals a complete 
cell cycle.
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D erivation  o f  an expression fo r  the average p o ly (A )+m R N A  content o f  a m u ta n t sm all cell 
com pared to w ild  type
Consider first the rates o f p o ly(A )+m R N A  synthesis in synchronously d ividing popu­
lations o f w ild  type and sm all mutant wee 1 - 5 0  cells. T h e  cell cycle com m ences with 
the sam e absolute rate of poly(A )+m R N A  synthesis per cell in each strain (Fraser & 
N urse, 1978 a). T h e  rate o f synthesis in w ild type cells increases as a function o f time 
f( i) , so that at the end o f the cell cycle it is exactly double the initial rate (F ig . 1). In 
wee 1 - 5 0  cells, the rate o f synthesis o f poly(A ) 4- m R N A  follows the sam e pattern as 
in w ild type, except for a delay of a fraction / o f a cell cycle before the rate of 
poly(A ) +  m R N A  synthesis doubles. Cell cycle patterns 'of poly(A) +  m R N A  synthesis 
such as shown in F ig . 1 have been dem onstrated experim entally for w ild type and wee
1 - 5 0  cells (Fraser &  N urse, 1978 a). H ow ever, the follow ing proof is valid for any pattern 
o f increase during the cell cycle which is the sam e for w ild  type and wee 1 -5 0 .
L e t  R ' and R'm be the amounts of poly(A )+m R N A  in synchronously dividing popu­
lations of w ild type and wee 1 - 5 0  ce lls ; R '  and R'm depend on time t, which is measured 
in cell cycle units (one cycle or mean generation tim e =  1 -o cell cycle unit). T h e  degra­
dation of poly(A )+m R N A  has been shown to follow  approxim ately first-order kinetics 
(Fraser, 19 7 5 ) ; we assum e that the half-life is the same in both strains. T h u s  the net 
rates o f poly(A )+m R N A  accum ulation are given b y :
d R'
- j j -  =  N ( t ) i ( t )  — A R ' for w ild type 
rl R '
-  — N ( t ) f ( t  — /) — AR'm for wee 1-5 0 , (1)
where A is the degradation rate constant, N ( t )  is the num ber o f cells in the population
at any tim e t, and f(i)  is the rate of synthesis of poly(A )+m R N A  in w ild type cells;
f (t — l)  is the rate in wee 1 - 5 0  cells (F ig . 1).
In  addition, as the populations double in each cell cycle unit o f time, but at any time 
consist o f cells identical to those o f the previous generation at the sam e stage in the 
cell cycle, we m ay write
f( i)  =  2 f ( i - l ) .  (2)
N ow  consider asynchronous, exponentially grow ing populations o f w ild type and 
zvee 1 - 5 0  cells, with the same num bers o f cells per m l, and grow ing w ith the sam e mean 
generation tim e (N urse, 1975). R  and R m are the amounts o f p o ly(A )+m R N A  in the 
wild type and mutant populations respectively. From  the canonical cell age distri­
bution equation (Cook &  Jam es, 1964) the fraction of cells aged a  to a  +  da  is given by
In 2 . 2 ( 3 )
at all times. From  F ig. 1 it is clear that the rates o f synthesis of po ly(A )+m R N A  for 
cells aged a  are given by f(a )  and f ( a  —/) for w ild  type and wee 1 - 5 0  respectively. By
integrating these rates of synthesis, weighted for cell age, over all possible ages, we 
obtain the average rate o f synthesis o f p o ly(A )+m R N A  in asynchronous population as
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f  ( a ) . In 2 . 2 1“ “ d a  in w ild  type
and
I
j f ( a  —/) .ln  2 . 2 1_a d a  in wee 1-5 0 . 
J  0
(4)
As the num ber of cells in each population is increasing exponentially, the total 
number of cells m ay be written as N  =  N 0 ekt for both populations, w here N 0 and k  
are constants. T h e  total rates o f synthesis o f p o ly(A )+m R N A  in each population are 
given by the total num ber o f cells m ultiplied by the average rates o f synthesis.
We m ay now w rite analogous equations to (1)  for rates o f accum ulation o f 
poly(A )+m RN A  in asynchronous, exponentially-grow ing populations: 
for wild type
=  c j  f(a )2 1-a  d a  — A R  (50)
and for wee 1 - 5 0
d R ,
d t
where C  =  N 0 e7it.ln  2.
Equation (5 b) m ay be written as 
d R
=  c j  f ( a - / ) 2 1- “ d a - A R m, ( 5 b)
=  Cd t  - - 2- ^ f  ( « - /)21- “+7d ( a - / ) - A R m (6)
and since f  is a periodic function integrated over a whole period, (6) m ay be rewritten
as
djR"’ =  C . 2~l f 1 f  (a)2 1-a  d a  — A R ,
J od t
Therefore, w riting
B  =  J  f  (a)21-a  da
equations (5) m ay be rew ritten as
C . B - A R
d t
and ^ m =  c . B . 2 - l- A R .
d t '■
As the num bers o f cells in the 2 populations are increasing at the sam e exponential 
rate and as the age distribution o f the population rem ains fixed, the am ount of 




d t  *




where q is a constant.
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C om bining equations (7) and (8) by elim inating ^  and and rearranging g iyes
(q + A)R = C.B
and I (9)
(q +  A )R m =  C . B . 2-*
from  w hich it follows directly that
^111 _
R  ‘
T h is  result m ay be more readily appreciated from  the follow ing sim pler explanation, 
which is not, however, a form al m athem atical proof. Consider populations o f wild
(10)
Fig. 2. Poly(A)~m RN A contents of asynchronous, exponentially growing populations 
of wild type (upper curve) and wee 1-5 0  cells (lower curve). T h e 2 populations contain 
the same number of cells at any time. The fixed time shift, o f magnitude I between the 
curves, is a consequence of the delay, of the same magnitude, between the doubling in 
rate of polv(A)+m R N A  synthesis in the wild type and wee 1 —50 cell cycles.
type and wee 1 - 5 0  containing the sam e num bers o f cells and grow ing at the same 
exponential rate. T h e  delay, of a fraction I o f the cell cycle, in the doubling o f the rate 
of synthesis o f po ly(A )+m R N A  in wee 1 - 5 0  cells (Fig . 1)  im plies that the amount of 
po ly(A )+m R N A  in the wee 1 - 5 0  population w ill lag behind that o f the w ild  type 
population by a tim e interval /, as shown in F ig . 2. T h u s if  the wee 1 - 5 0  population 
contained a particular amount o f p o ly(A )+m R N A  at a particular tim e t, the w ild  type 
population would have contained the sam e amount at time t  — l. In  the intervening 
interval both populations would have increased in cell num ber b y a factor 2'. T h u s the 
average amount of poly(A )+m R N A  per cell in the wee 1 - 5 0  population at any tim e will 
be 2~' o f that in the average cell of the w ild  type population.
Using this expression, and the values for I m easured in synchronous cultures for the 
haploid and diploid series o f S .p o m b e , we have calculated mean relative po ly(A )+m R N A  
contents for the sm all m utant cells o f each series as a fraction o f wild type. T ab le  2 
(p. 43) shows that these calculated values are in good agreem ent with the values deter­
mined experim entally in asynchronous, exponentially grow ing cultures.
We conclude that delaying the doubling in  rate of po ly(A )+m R N A  synthesis in the 
cell cycle is alone sufficient to account for the reduced p o ly(A )+m R N A  content of 
those cells forced by m utation to be of sm aller mean size than w ild type.
Delayed doubling in  the rate o f  p o ly  (A )+m R N A  synthesis in sm all m u ta n t cells keeps the 
ratio o f  the average p o ly (A )+m R N A  content to average to ta l cell mass the same as in w ild  
type
It has been shown experim entally for the haploid and diploid series that at the time 
of the m id-point o f doubling in rate o f p o ly(A )+m R N A  synthesis, the m em bers o f each 
series have sim ilar protein contents per cell (Fraser &  N urse, 19 7 8 Z>). W e have taken 
protein content per cell as a m easure o f cell size, as it is easy to m easure accurately. 
Protein increases close to exponentially through the cell cycle (Stebbing, 19 7 1)  and it is 
likely that other param eters of grow th such as total cell mass or volum e w ill also increase 
close to exponentially through the cell cycle. W e shall refer to any of these param eters 
representing overall cell size as V , and w ill dem onstrate that i f  the value o f V  is the 
same for wild type and sm all m utant cells at the time o f the m id-point in doubling of 
the rate of po ly(A )+m R N A  synthesis, then the ratio o f the average p o ly(A )+m R N A  
content to average V  in asynchronous, exponentially grow ing populations m ust be the 
same for strains o f all sizes.
Let V (a )  and V in(a) be the value of the growth param eter (be it protein, mass or 
volume) of cells aged a , o f w ild  type and sm all m utants respectively. Both  V (a )  and 
V J a t)  increase exponentially with the sam e specific rate of increase. T h is  rate being
such that the cell sizes at a  =  1 must be twice the sizes at a  =  o, we m ay w r ite :
V(oc) = V  (0)2 “ (iifl)
and
K , ( a )  =  V m (  ° ) 2 a- (11 h )
Let the cell age at the m id-point of the doubling in rate o f po ly(A )+m R N A  synthesis 
be in wild type cells and a 2 in sm all mutant cells; so that a 2 =  cc1 — / (F ig . 1) . T h e  
property of cell size param eters assumed for the proof im plies that
=  V J a . 2). ( 12 )
Substituting cty in ( n  a) and a 2 in ( n  b) and m aking use o f ( 12 )  it follows that
V  (o) =  F bi(o)2* ( 13 )
Using ( 13 )  to elim inate V (o )  and V m(o) from  ( n )  leads to
V (a )  =  V m(*)2’. (14)
In asynchronous, exponentially grow ing populations, cell age distribution rem ains
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fixed and is the same for w ild  type and sm all m utant populations. A s equation (14) 
im plies that the wild type cells are alw ays A  larger than the m utant o f corresponding 
age, it follows directly that the average cell size in a w ild  type population w ill always be 
2' larger than in sm all m utant populations. From  equation (10) the average amount of 
poly(A )+m R N A  in w ild type cells is also 21 greater than in m utant cells at all times. 
T h erefore, it follows directly that the ratio o f average po ly(A )+m R N A  content to 
average cell size m ust be the sam e for wild type and sm all m utant strains.
From  this proof, we can conclude that the control o f the cell cycle stage o f doubling 
in the rate o f poly(A )+m R N A  synthesis by a threshold cell size which is the sam e for 
m utants o f a range o f mean sizes (Fraser &  N urse, 19 78 0 , b) w ill m aintain average 
p o ly(A )+m R N A  content at a constant proportion o f total cell protein, mass or volume 
during grow th, irrespective o f cell size or absolute growth rate per cell. T h is  control 
therefore acts hom eostatically: when the growth o f the cell is distorted by the presence 
o f the wee 1 mutation, leading to an altered absolute grow th rate per cell, the size- 
related control is nonetheless able to m aintain balanced grow th and keep 
poly(A )+m R N A  content in line with total cell grow th. A  further property o f the cell- 
size control over doubling in rate o f p o ly(A )+m R N A  synthesis is that it enables cells to 
com pensate for variation in gene concentration. F or exam ple, the 3 diploid strains 
have different gene concentrations but the size control over doubling in rate o f R N A  
synthesis allows them to grow  with the sam e mean R N A  concentration (Fraser & 
N urse, 19786).
The concentration o f  p o ly {A )+m R N A  could its e lf  act as the trigger in itia ting  the doubling 
in rate o f  p o ly {A )+m R N A  synthesis in each cell cycle
T h e 3 diploid strains of different mean sizes all double their rate o f poly(A )+m R N A  
synthesis at points in their cell cycles when they have very  sim ilar protein contents per 
cell (Fraser &  N urse, 19786). Sim ilarly, the 2 haploid strains have sim ilar protein 
contents per cell when they double their rates of p o ly(A )+m R N A  synthesis (Fraser & 
N urse, 1978«). A ll 5 strains double their rate o f poly(A )+m R N A  synthesis w hen they 
have sim ilar protein contents per haploid genom e per cell, suggesting that the timing 
of the doubling in rate of synthesis involves m onitoring o f some aspect o f cell size. We 
wish now to establish that the concentration of p o ly(A )+m R N A  itself could act as a 
size-m onitoring m echanism.
A s poly(A )+m R N A  is unstable, i f  it is synthesized at a constant rate per cell the 
content per cell w ill approach a steady state. D oubling the rate o f synthesis as a 
discrete step once per cell cycle w ill lead to an increase in the p o ly(A )+m R N A  content, 
which will again tend to a steady state at a higher level (Fig . 3). W e assum e that cell 
volum e increases exponentially, and that the half-life o f po ly(A )+m R N A  is 0-275 of 
a generation time (Fraser, 1975) in all strains. A s the cells must exactly double their 
poly(A )"nnR N A  content in one cell cycle, knowledge o f the half-life is sufficient to 
determ ine the relative initial rates of synthesis of po ly(A )+m R N A . From  these figures 
and the times of doubling in rates of synthesis in the cell cycle, the cell content of 
po ly(A )+m R N A  can be calculated for any stage in the cell cycle. D ivid ing the
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poly(A)H m R N A  content by the cell volum e at that stage gives the p o ly(A )+m R N A  
concentration.
U sing experim entally m easured values for total protein per cell as a m easure of cell 
mass or volum e, F ig . 4 shows calculated changes in p o ly(A )+m R N A  concentration 
during the cell cycles of the 3 strains for which we have the most extensive cell cycle
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Fig. 3. Changes in rate of p o ly(A )'m R N A  synthesis (------ ) and in calculated
poly(A)+m R N A  content per cell (------ ) during the cell cycle of ideal cells. The
example shown is haploid wild type with a doubling in rate of poly(A)+m R N A  
synthesis at o -n  of the cell cycle (Fraser & Nurse, 1978a). T h e rate doubling is
assumed to be instantaneous. ............. , change in cell volume (or mass, or protein)
assumed to increase exponentially during the cell cycle.
data; all strains studied show the same basic pattern. In  each curve, there is initially a 
decline in concentration, then at the time in the cell cycle when the rate o f 
poly(A )+m R N A  synthesis doubles, the concentration o f po ly(A )+m R N A  begins to 
rise. T h e  m inim um  concentrations of poly(A )+m R N A  reached in the different strains 
are very sim ilar.
In  addition to this experim entally based evidence, it can be shown theoretically that 
if exponentially grow ing cells from  any 2 strains have the same volum e at the time of 
doubling in rate o f p o ly(A )+m R N A  synthesis, and if  the rate o f p o ly(A )+m R N A  
synthesis follows the generalized pattern indicated in F ig . 1 ,  then the m inim um  con­
centrations of p o ly(A )+m R N A  m ust be the same and m ust occur at the time w hen the 
rate of po ly(A )+m R N A  synthesis doubles. T h is  result m ay be proved by integrating 
equations (1)  and m aking use o f the property in equation (2).
T h is  experim ental and theoretical evidence therefore indicates that the concen­
tration o f p o ly(A )+m R N A  itself would be capable o f acting in the m echanism  which 
triggers the doubling in  rate o f p o ly(A )+m R N A  synthesis in each cycle. A s the con­
centration o f po ly(A )+m R N A  in the cell depends not only on the rate o f synthesis of 
po ly(A )+m R N A  but also on cell growth, it follows that this m echanism  is essentially 
a cell-size m onitoring m echanism . A  doubled rate of synthesis of po ly(A )+m R N A  is 
switched on when the cell has grow n to a sufficient size to reduce the concentration of 
poly(A )+m R N A  below a threshold level. Furtherm ore, as the trigger responds to a 
concentration and not to an absolute am ount per cell, the m echanism  would be able to 
operate in both haploid and diploid cells w ithout further elaboration.
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Cell cycle time
Fig. 4 . Changes during the cell cycle in  polv(A)+m R NA  concentration in 3 strains 
of »S. poinbe. Changes in cell content of polv(A)+m R NA  were calculated from the 
observed times of doubling of rate of poly(A)“m R NA  synthesis in the cell cycle 
(Fraser & Nurse, 1 0 7 8 a, b) as shown in Fig. 3 . Poly(A)+m RNA concentration was 
calculated by dividing poly(A)+m RNA content by the cell size param eter (based on
total protein estimations) at each stage of the cell cycle. ------ , wild type haploid;
 , zcee 1-5 0  h a p lo id ; , wild type/tree 1-5 0  heterozygous diploid.
C O N C L U S I O N
In  this paper we have analysed the behaviour of a com ponent w hose rate o f syn­
thesis doubles as a step during the cell cycle. W e have shown that the com ponent will 
be m aintained on average at a constant proportion o f mass in cells o f different sizes at 
division, provided that the rate of synthesis per cell before the step doubling is the same 
in the different cells, and that the cell size at the tim e o f the step doubling is the same 
in the different cells. W e have used as an exam ple the rate o f synthesis of 
poly(A )+m R N A , which doubles as a step. H ow ever, the proof will also apply to stable 
molecules such as rR N A , and to other com ponents regardless of their actual patterns 
o f increase through the cell cycle. A s long as the rate o f synthesis per cell and cell size 
are the sam e at any particular point on the pattern, the com ponent w ill be maintained 
on average as a constant proportion of cell mass irrespective of actual cell mass.
Other cell com ponents whose rates o f synthesis are dependent upon a component
regulated by a control of the type we have described w ill also be m aintained at a con­
stant average proportion o f cell mass. A n  exam ple o f this m ay be provided in S . pom be  
by 3 enzymes (M itchison &  Creanor, 1969) the accum ulation of w hich m ay be 
dependent on m R N A  content (Fraser &  M oreno, 1976). T h erefore a regulatory 
mechanism involving cell size control over rates of synthesis could be of w idespread 
significance in the control of balanced exponential grow th of cells.
This work was supported by the Agricultural, Science and M edical Research Councils. We 
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THE E F F E C T  OF CELL M A SS ON THE CELL  
CYCLE T IM IN G  A N D  D U R A T I O N  OF 5 -P H A S E  
IN F IS S IO N  Y E A S T
K IM  N A S M Y T H ,!  P A U L  N U R S E *  a n d  R. S. S. F R A S E R !
* Department of Zoology, University of Edinburgh, West Mains Road,
Edinburgh EHc, 3 J T , U .K.
S U M M A R Y
Two isotopic m ethods for measuring D N A  replication in  the fission yeast Scliisosaccharo- 
tnyces pombe are described. T h e  first is a m ethod for measuring the total quantity of [3H]uracil 
incorporated into D N A  after pulse labelling. T he second is a means of detecting D N A  replica­
tion in single cells by autoradiography. Both of these techniques have been used to investigate 
the timing and duration of 5-phase in a series of m utan t strains whose cell mass at division 
varies over a 3 -fold range. T he results support the hypothesis that in 5 . pombe there are 2  d if­
ferent controls over the tim ing of 5 -p h ase : an attainm ent of a critical cell mass and a dependency 
upon the completion of the previous mitosis coupled w ith a short m inim um  time in G l. Strains 
whose cell mass at b irth  is above this critical level initiate D N A  replication almost immediately 
after septation, that is, very soon after the previous mitosis. Strains whose cell mass at b irth  is 
below the critical level do not initiate replication until the critical cell mass is attained. T he 
duration of 5-phase has been estimated from the proportion of cells whose nuclei are labelled 
after a pulse of given duration. 5-phase is short in 5 . pombe, lasting only about o-i of a cell 
cycle in wild type. Cell mass at 5-phase does not have any consistent effect on this length. 
We have also investigated the degree of synchrony of 5-phase initiation in daughter cells, and 
have found that, in a cell cycle 2 4 0  min long, their 5-phases are initiated w ithin 1 - 2  m in of 
each other. This result indicates that between sisters variability in the duration of the G1 phase 
is small compared w ith variability in the total cell cycle time, and argues against the hypothesis 
that the rate of cell cycle traverse is determ ined by a random  transition in Gx.
I N T R O D U C T I O N
In  eukaryotic cells D N A  is replicated during a discrete period o f the cell cycle known 
as the ¿'-phase. It is not yet clear what factors are most im portant in determ ining the 
timing and duration o f ¿'-phase. In  the fission yeast Schizosaccharom yces pom be  we 
have proposed that the initiation o f ¿'-phase is subject to 2 controls: (1)  the necessity 
for the cell to attain a particular m inim al cell m ass; and (2) the dependency o f D N A  
replication upon com pletion o f the previous m itosis (N urse, 19 7 5 ; N urse, T h u riau x  
& Nasm yth, 19 7 6 ; N urse &  T h u riau x , 19 7 7 ) ; w hich o f these 2 controls w as operative 
in a particular cell was determ ined b y  the mass o f that cell at its previous cell division. 
I f  cells divided at a sm all m ass, then the requirem ent to attain a particular m inim al 
cell mass determ ined the cell cycle tim ing o f ¿-p h ase . I f  cells divided at a large mass,
* Request for reprints to Paul Nurse.
f  Present address: D epartm ent of Genetics, U niversity of W ashington, Seattle, W ashington
981 9s, U .S.A.
t  Present address: N ational Vegetable Research Station, W ellesbourne, Warwick, U .K .
then it was the dependency o f D N A  replication upon the com pletion o f mitosis 
coupled with a short m inim um  time in G x that determ ined the tim ing o f ¿-phase. 
T h is  hypothesis can be tested by investigating the tim ing o f ¿-p h ase  in m utant strains 
o f ¿ .  pom be  which undergo cell division at varying cell m asses. W ild  type and 4 mutant 
strains are available which vary in cell mass at division over a 3-fo ld  range, with little 
change in generation time (N urse, 19 7 5 ; T h u riau x , N urse &  Carter, 19 7 8 ; N urse & 
T h u riau x , unpublished). In  this paper we describe the use o f these 5 strains to 
investigate the role cell mass plays in the cell cycle tim ing o f ¿-p h ase . W e also 
exam ine the effect cell mass has on the duration o f ¿-p h ase , since some evidence 
suggests that the duration o f ¿-p h ase  is affected by cell mass (Callan, 19 7 3 ; Blum en- 
thal, K riegstein  &  Hogness, 19 7 3 ; T ay lo r, 1977).
Convenient m ethods for the isotopic estim ation o f D N A  synthesis in bulk cultures 
and for autoradiography have not been previously available for S . pom be. It is not 
possible to label D N A  specifically with radioactive thym idine as fungi lack thym idine 
kinase activity (G rive ll &  Jackson, 1968). M ethods are available in Saccharom yces  
cerivisiae for isotopic detection o f D N A  b y labelling total nucleic acid w ith a less 
specific precursor such as uracil or adenine, and then elim inating the radioactivity 
due to the R N A  (W illiam son, 19 6 5 ; H artw ell, 19 6 7 ; H atzfield, 19 73). In  this paper 
we describe modifications o f these m ethods that w ill w ork in ¿ .  pom be. T h e  method 
for estim ating D N A  synthesis in bulk cultures has been used in synchronous cultures 
to determ ine the tim ing o f ¿-p h ase , whilst the autoradiographic method has been used 
to determ ine the duration o f ¿-p h ase . W ith som e o f the strains the autoradiographic 
method could also be used to determ ine the tim ing o f ¿ -p h ase  and the variability 
in the length o f the G x phase in sister cells.
O ur results support the hypothesis that the initiation o f ¿ -p h ase  is subject to the 
2 controls described above, and that there is a cross-over from  one control to the 
other at a particular cell mass at division. W e also found that the duration o f ¿-ph ase 
is short, being only about o-i o f a cell cycle, and showed no consistent relationship 
with varying cell m ass at ¿-p h ase . V ariab ility  in the length o f G x o f sister cells was 
found to be very sm all com pared with the sister-sister variation in total cell cycle time, 
suggesting that G x duration and ¿-p h ase  initiation are under precise control.
M A T E R I A L S  A N D  M E T H O D S  
S tra in s , m edia and  grow th  conditions
W ild type 972 and 4 mutant strains wee 1 . 1 ,  wee 1.50 , wee 2 .1 and cdc 2 .M 35 were used (Nurse, 
1975 I Thuriaux et at. 1978 ; Nurse & Thuriaux unpublished). Cells were routinely grown at 
25 C with shaking in a minimal medium described by Nurse et at. (1976).
P reparation o f  synchronous cultures
Synchronous cultures were prepared by selecting slowly sedimenting small cells after 
centrifugation in lactose gradients. T h e  cells of the parent asynchronous culture were collected 
by filtration, suspended in a small volume of medium and centrifuged in 7 '5 ~ 3o %  lactose 
gradients (made up in medium). Sm all synchronous cultures, as used in D N A  labelling experi­
ments, were prepared using tubes as described by M itchison& Carter (1975). Large synchronous
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cultures, as used for measuring bulk D N A , were prepared using a zonal rotor (¡VISE type A), 
as described by M itchison & Carter (1975). In  both cases, a fraction of small cells was collected 
after centrifugation and innoculated into fresh medium.
M easurement o f  cell number, D N A  and  pro te in  content o f  cells
These were performed as described by Nurse et al. (1976).
D N A  labelling and  its m easurem ent
D N A  was labelled by the addition of [6-3H]uracil (20 Ci/m m ol, Amersham) to cell cultures, 
followed by incubation for varying periods of time. Pulse labels were terminated by transferring 
samples to a C 0 2/ethanol bath followed by storage at —20 °C . Incorporation of radioactivity 
into D N A  was measured by making up samples to 0-5 m N aO H , 10  m M  ethylenediaminetetra- 
acetic acid, 100 /ig/ml calf thymus D N A  and incubating at 40 °C  for 90 min. Samples were 
then cooled to o °C  and acidified by addition of 6 0 %  perchloric acid (PCA). Precipitation was 
allowed to proceed for at least 1 h at o °C, after which the samples were centrifuged at 5000 g 
for 2-5 min, and the pellet washed once in 0-5 m  P C A  containing 100 /tg/ml uracil and twice 
in 70 ethanol, 0 1  m  N aC l (both at o °C). T h e  pellets were then dried under vacuum and 
hydrolysed in 0-5 ml 0-5 M P C A  for 30 min at 70 CC. T h e hydrolysate was centrifuged for 1 min 
at 5000 g and 0-4 ml of the supernatant was added to 10  ml o f scintillant containing 6 0 %  
toluene, 4 0 %  methoxyethanol, 0-5 ° 0 butyl P B D . T h e samples were counted in a Packard 
Tricarb scintillation spectrometer.
Chromatography of H C 1 digests of the P C A  hydrolysate (Fig. 1, p. 2 18) showed that no 
radioactivity remained as uracil and that at least 90 %  o f the radioactivity was in the form of 
cytosine and thymine. A t least 90 ° „  of the radioactivity of the P C A  hydrolysate was shown to be 
DNase digestible when the final pellet was incubated in 50 m M  2(Ar-morpholino)ethane sul- 
phonic acid, 2-5 m M  M gC L  buffer pH 7-0 containing 100 /tg/ml D N ase. Under conditions of 
long-term labelling about 1 ° „  of the total incorporated radioactivity was in the form of D N A .
The visualisa tion  o f  S -phase  by D N A  autoradiography
Cells were grown in minimal medium and labelled for 10-40 min in 50 /tCi/m l [8-3H]guano- 
sine (to Ci/m mol, Amersham). Pulse labels were terminated by chilling the cells to o °C  and 
adding an equal volume of cold (o °C) 0-5 m  PC A . T h e cells could be left at this stage for 
several hours if required. Normally, cells were left at 0° for 5 min, collected by centrifugation, 
resuspended in 0-5 M P C A , and left at o °C  for 15 -30  min. The cells were then collected by 
centrifugation, washed twice in distilled water, suspended in 0-3 m  sodium chloride, 0-03 m  
sodium citrate buffer pH 7-0 containing 200 /ig/ml boiled RN ase A  (Sigma), and incubated at 
37 °C for 70 min (with intermittent mixing). After this RN ase digestion, which renders at 
least 99-3 ° () of the total incorporation acid-soluble, the cells were collected by centrifugation, 
washed twice with 100 /ig/ml guanosine, suspended in 0 -4%  formaldehyde (o-i M phosphate 
buffer pH 7'o), and left at room temperature for 30 min. The cells were then collected by 
centrifugation, washed once with distilled water, suspended in 0-2 M N aOH  at 25 °C  for 
too min, and finally washed 3 times with distilled water. Aliquots of the resulting cell suspension 
were dried directly onto microscope slides rubbed with a thin film of gelatin, and were then 
dipped in photographic emulsion and exposed at 4 °C . Ilford nuclear research emulsion (in gel 
form; type L 4  or K 2) was used; it was heated for 20-30 min at 45 °C  prior to dipping of slides. 
The exposed autoradiographs were developed for 5 min in 1 : 2  D 19  developer (Kodak) at 
20 C and fixed for approx. 3 min in Acufix. The slides were then washed for 30-60 min in 
gently running tapwater, stained for 3 min in 0-05 %  basic fuschin, and destained for 1-5 min 
in 30 ° 0 ethanol. T h e autoradiographs were viewed using a 100 x objective on a Zeiss 
photomicroscope.
Chromatography o f  T IC l digests o f  the P C A  hydro lysa te o f  the D N A  assay
Five millilitres of 972h~ cells growing at 32 °C  in minimal medium (5 x io° cells/ml) were 
incubated with 50 /¿Ci of [s,6-3H]uracil for 2-5 h. The cells were then harvested, washed in
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o-i %  N aC l containing 10 0 /¿g/ml uracil, and then taken through the D N A  assay treatment. 
Volumes of 0 05 ml of the final P C A  hydrolysate were made to 6 M  H C 1, to a final volume of 
o-1 ml and digested at 120 C for 2 h in sealed glass tubes, after which the samples were cooled, 
the tubes broken, and freeze-dried. T h e residue was dissolved in 0-02 ml distilled water, loaded 
on to a thin layer P E I cellulose chromotography plate (Polygram cel 300 P E I), and run in a 
solvent of 8 6 /14  butanol/water for 4-5 h. T h e  chromatographed strip was cut into 0-5-00 
lengths, which were placed in scintillation vials, eluted with 0-5 ml of o-i M  H C 1, 0-2 M K C 1, 
and counted in 5 ml of a scintillant containing 2 / 1  toluene/Triton X -10 0  with 0-5 %  butyl 
P B D .
R E S U L T S
T he labelling o f  D N A  w ith  uracil isotopes a n d  its m easurem ent 
T h ere  are several published m ethods for the assay o f isotopic incorporation into 
D N A  for the budding yeast »S', cerevisiae, but they either do not w ork for S .  pombe 
(e.g. the method described by H artw ell (1967)), or are too laborious for m ost purposes 
(e.g. the method described b y H atzfield (19 73)). T h e  details o f the D N A  assay de­
veloped here is described in M aterials and m ethods. U racil isotopes were used because 
their uptake and incorporation into D N A  is adequate, because all R N A  incorporation 
is alkali-digestible (see F ig . 1) , and because o f the availability o f isotopes that are 
stable in alkali. B riefly, labelled cells are digested w ith alkali, acid-precipitated, washed,
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Fig. 1 . Chromatography of H C 1 digests of the P C A  hydrolysate of the D N A  assay. 
W ild type 972 h~ cells were labelled with [6-3H ]uracil for 1 generation of growth. The 
cells were harvested, washed, taken through the D N A  assay treatment and the final 
P C A  hydrolysate digested with 6 m  H C 1 and chromatographed as described in the 
M aterials and methods. T h e amounts of label in the chromatogram corresponding to 
cytosine, uracil and thymine are plotted.
and isotope incorporated into D N A  is released by a hot P C A  hydrolysis and is counted. 
At least 9 0 %  o f the isotope detected b y th is assay is lost i f  the alkali-resistant, acid- 
precipitated pellet (prior to acid hydrolysis) is digested with D N ase I. In  addition, 
chromatography o f H C1 digests o f the final P C A  hydrolysate (F ig . 1)  shows that nearly 
all the radioactivity residues are cytosine and thym ine (as w ould be expected if  all 
radioactivity is from  D N A ), and that v irtu a lly  none is detectable as uracil.
Fig. 2 show s that the pattern o f [3H ]uracil incorporation into D N A  as m easured by
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Fig. 2. [6-3H ]uracil incorporation into D N A  during a synchronous culture. A  syn­
chronous culture o f 972h-  cells was prepared as described in M ethods. T h e culture 
was incubated at 32 °C  in minimal medium (2 x io° cells/ml). E very  10  min, 0-3 ml 
of cells were incubated for 20 min with 10  /(Ci of [6-3H ]uracil (20 Ci/m m ol), and taken 
through the D N A  assay treatment. The time of each pulse is taken to be 14  min after 
its initiation. T h is  is the t0.5 for incorporation during a 20-min pulse (see F ig . 3). 
•  . D N A  radioactivity; 0 > cell plate index (the %  of cells with a septum).
the assay during a synchronous culture, is consistent w ith previous estim ates o f the 
timing o f S -ph ase in  S . pom be  (M itchison &  C reanor, 19 7 1) . T h e  level o f incorpora­
tion by G 2 cells is very  low, and m ay be due to m itochondrial D N A  replication.
Uracil is not rap id ly incorporated into D N A  during a pulse and it is difficult to 
chase (Fig. 3). T h e  latter is probably because at least 9 9 %  o f the incorporation is in 
the form of R N A , som e of w hich w ill be rap id ly turned over. A fter long-term  labelling 
the proportion o f the total incorporation as D N A  reaches about 1 % .
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Fig. 3. Kinetics of [6-3H ]uracil incorporation into D N A . 972b”  cells were grown at 
32 C in minimal medium (3 x  io 6 cells/ml.) A t the indicated time 200 /(Ci of 
[6-3H]uracil (20 Ci/m mol) were added to 6-6 ml of cells. 9 , D N A  radioactivity in 
O'3-ml samples. At t =  20 min, the culture was split and to one half uracil was added 
to a concentration of 10  mM. O , chased D N A  incorporation.
The visua lisa tion  o f  S -phase  by D N A  autoradiography
W illiam son (1965) has developed a method for detecting D N A  specific radioactivity 
within intact cells o f the budding yeast S .  cerevisiae. C ells are pulse labelled with 
[3II]adenine and incorporation into R N A  is selectively rem oved by a combination of 
RN ase and alkali treatm ent before they are autoradiographed. T h e  method presented 
here for S . pom be is an adaption o f W illiam son’s method. T h e  principle differences 
are 2-fold . (1)  [8-3H]adenine is replaced by [8-3H ]guanosine or, som etim es, [6-3H]- 
uracil. A  significant proportion o f adenine incorporation into n o n -D N A  material is 
resistant to alkaline hydrolysis. (2) T h e  strong alkali treatm ent during the final stage 
o f W illiam son’s method is replaced by a m uch m ilder treatm ent. T h e  1 M  NaOH 
used by W illiam son (1965) com pletely lyses cells o f S .  pombe.
T h e  details of the D N A  autoradiography method are given in M aterials and 
methods. Cells and their nuclei rem ain fu lly  intact after the treatm ent if  grown in 
minim al m edium  as a batch culture. H ow ever, this is not true for all types o f cell. 
For instance, the nuclei of cells grown under nitrogen lim itation in the chem ostat are 
partially destroyed by the term inal alkali step. T h erefore, this can be om itted w'hen 
such cells are prepared for autoradiography.
The m ajor criteria used in evaluating the success o f the m ethod were that the label 
be localized over the nuclei, and that only those cells o f the population that were 
expected to have been in ¿’-phase during the pulse w ere labelled. M itchison & 
Creanor ( 19 7 1)  determ ined the position o f ¿-p h ase  in S . pom be  at around septation 
by measuring the D N A  content o f synchronous cultures. T h e  stage o f a cell in the cell 
cycle is easily derived in S . pom be  from  its length (M itchison, 19 70 ); the cells are rod­
shaped and extend only in length as they grow . T h ere  is a b rie f constant-length stage 
while the cell is laying down and com pleting its septum . So it is expected that nuclei 
labelled during a short pulse w ill be in cells with septa or in short cells w hich  have 
just completed division.
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Fig. 4. D N A-specific autoradiographs of pulse-labelled S . pombe. 972I1”  cells growing 
in minimal medium at 32 °C (3 x  io (1 cells/ml) were pulse labelled for 20 min with 
50 /¿Ci/ml [8-3H]guanosine. T h e cells were then taken through the D N A  autoradio­
graph treatment, fixed onto slides, and autoradiographed as described in M ethods. 
They were exposed for 3-4  weeks. The photographs on the left are focused on the 
cells, whereas those on the right are focused on the grains in the emulsion over the 
cells.
T h is was found to be the case as only cells w ith septa and some sm all cells were 
densely labelled after a 20-m in pulse label at 32 °C . M oreover, the label in such cells 
is almost alw ays localized over the nucleus (F ig . 4). T h e  distribution o f radioactivity 
amongst cells at different stages o f the cycle was first analysed by grain counting. 
Fig. 5 shows the distribution o f grain counts after a low exposure tim e am ongst cells 
of different ages (as ju d ged  by cell length and presence o f a septum ). H ow ever, grain
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counting is difficult to perform  satisfactorily when the grains are densely localized. 
Therefore, a quantitative m easure o f the cell cycle specificity o f labelling was also 
obtained by pulse labelling successive sam ples from  a synchronous culture, treating 
the cells from  each sam ple as if  for autoradiography, and counting the residual cellular 
radioactivity on filters in a scintillation spectrom eter, instead o f fixing the cells on 
slides and autoradiographing them (F ig . 6). D ata from  this experim ent m ay be used
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Fig. 5 . T he distribution of DNA-specific grain counts during the cell cycle. 9 7 2 IT 
cells were labelled and treated for D N A  specific in situ autoradiography. T he auto­
radiographs were exposed for only 5 days (usually a m onth is required for dense 
labelling of nuclei). T he mean and standard error of the num ber of grains per cell 
are plotted against cell length. T he size distribution of the population is also presented.
T he data on the grains per cell in cells containing a septum  are presented separately.
T he size distribution of such cells is given by the ‘ dotted line ’ histogram. T he grains 
per cell for this distribution are plotted on the same scale as the rest of the cells; the 
points are all in the right-hand top corner of the graph.
to estimate the proportion of residual radioactivity left after the treatm ent, that is in 
nuclear D N A . T h is  is done by m easuring the proportion o f the cpm  w hich is 
exclusively under the, presum ably, S -ph ase peak in F ig . 6. T h e  value is 7 9 % . T h ere­
fore, the residual radioactivity, over a com plete cell cycle, accounts for only 2 1 % .  
T h is  residual will partly consist o f m itochondrial D N A  synthesis (probably 5 % , 
according to Bostock (1970)) and some nuclear D N A  synthesis due to lack of 
synchrony. Consequently, the amount o f n o n -D N A  radioactivity left after the
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Fig. 6. T h e  rate of incorporation of [S-3H]guanosine into D N A  as measured by the 
autoradiographic method during a synchronous culture. A  synchronous culture of 
972h~ cells was prepared as described in Methods. The cells were incubated at 32 °C 
in minimal medium (3 x io c cells/ml). A t 10-m in intervals, a 3-ml sample of cells was 
incubated with 10  ¡ iCi [8-3H]guanosine (10  Ci/mmol) for 20 min. T h e sample was 
then chilled, a o-i-m l aliquot was taken for uptake measurement, an equal volume of 
ice-cold 0-5 M P C A  was added, and the sample was left at o °C  until all the samples 
were ready for processing. T h e samples were then taken through the D N A-specific 
autoradiograph treatment as far as the formaldehyde fixation step. A  sample of the 
cells were collected on a G F A  filter (washing with distilled water containing 100 //g/ 
ml guanosine). The dried filters were counted in a toluene butyl P B D  scintillant. 
These samples gave the RNase-resistant radioactivity. T h e  rest of the cells were 
treated with 0-2 m NaOFI as described in Methods before being similarly collected 
and counted. These samples gave the residual radioactivity after the full autoradiograph 
treatment. Both sets of results are plotted as a percentage of the uptake per unit volume. 
They are plotted on an arbitrary linear scale whose unit relation to real values is 
given within the brackets of the symbol key. □ ,  uptake during the pulse/o-i ml 
(5 x io :i cpm); # ,  residual cpm left after full autoradiograph treatment as a %  of 
uptake per unit volume (o-i % ); A,  cell plate index ( 10 % ) ; O , RNase-resistant cpm 
as a %  uptake per unit volume (o-i %).
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autoradiograph treatm ent m ay be less than 1 6 % . T h e  proportion of radioactivity left 
after the treatm ent that is D N ase-digestib le has not been determ ined. T h is  enzyme, 
unlike R N ase either does not enter P C A -treated  cells or does not digest their D N A . 
H ow ever, it is possible to determ ine what proportion o f the residual radioactivity is 
released after a 90 °C  T C A  hydrolysis. T h is  treatm ent w ill probably only release 
radioactivity o f nucleic acid origin. It is found that only 1 0 %  o f the radioactivity is 
resistant to a 15 -m in  10 %  T C A  treatm ent at 90 °C . T h is  suggests that 9 0 %  o f the 
cpm  left after the autoradiography treatm ent is in the form  o f D N A , though it is 
possible that some is in R N A  as it also w ill be susceptible to the acid hydrolysis.
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Fig. 7. A comparison, between 972I1-  and cdc io -i2 9 h ~  in their pattern of nuclear 
labelling on shift to 36 °C . 972b" and cdc io - i2 9 h _ were grown at 25 CC in minimal 
medium to 4 x io r> cells/ml. Both cultures were then shifted to 36 °C  and pulse 
labelled for 20 min with 65 /(Ci/m l [8-3H]guanosine (10  Ci/m m ol) after 150  m in at 
36 °C. Both sets of cells were then treated for D N A-specific autoradiography. Exposure 
was for 1 month, a , 972h~ cells; B, cdc io -i29 lm  cells. T h e  photographs on the left are 
focused on the cells, whereas those on the right are focused on the grains in the 
emulsion over the cells.
Fig . 6 also dem onstrates that w hilst the R N ase rem oves most o f the radioactivity 
incorporated outside the N-phase, the term inal alkali treatm ent does serve to reduce 
further the presum ably n o n -D N A  background. T h e  radioactivity left after the com­
plete treatm ent is 0 -2%  of the uptake o f the pulse per unit volum e (averaged over a 
com plete cell cycle).
T h e  experim ent illustrated in F ig . 7 shows that if  cells are prevented from  entering 
N-phase, then those nuclei w hich w ould norm ally be labelled are no longer so. In 
this experim ent 972 h~ and cdc 10 - 12 9  ce^ s (tf10 latter is a ts m utant defective in
the initiation o f D N A  synthesis; N urse et al. 1976) w ere shifted to the restrictive 
temperature and pulse labelled 15 0  m in after the shift, at w hich time both w ild type 
and mutant cell populations still have a sim ilar proportion o f cells with septa which 
normally contain labelled nuclei. In  this instance, such septated cell nuclei from  cdc 
10 -129  h~ cells will not be undergoing D N A  synthesis and, as expected, they are 
not labelled. N one o f the cdc 10 - 12 9  h_ septated cells had labelled nuclei, whereas 
87%  o f the 972 h "  septated cells had.
The D N A -autoradiography method can be varied for cells grow ing in different 
physiological conditions. [6-3H ]uracil can also be used as a label, though the back­
ground is slightly higher. F or cells grow ing in batch m inim al m edium , the specificity 
of [3H]guanosine labelling is superior. H ow ever, the latter is not satisfactory for cells 
grown under nitrogen lim itation in the chem ostat and [3H ]uracil is superior under 
these conditions.
The standard method o f analysis o f autoradiographed cells involves an exposure 
until the radioactive nuclei are densely labelled. Cells in 5-phase can then be scored 
unam biguously without grain counting.
Timing o f  S -p h a se  in  the cell cycle
To exam ine the effect that cell mass has on the tim ing o f 5-phase, we determ ined 
when it takes place in strains which vary  in cell mass at division over a 3 -fold range. 
The 5 strains grow n at 25 °C  have sim ilar generation tim es, but vary  in their cell 
length at division and in their mean protein content per cell (T ab le  1). T w o  m ethods 
have been used to establish the tim ing o f 5-phase in the cell cycle : m easurem ent of 
D N A  during synchronous culture and autoradiography.
Selection synchronous cultures were prepared from  the 5 strains and D N A  was 
monitored either by estim ation with diphenylam ine or by the isotope m ethod de­
scribed above. W hen tested on the sam e cultures the 2 m ethods gave sim ilar results. 
The tim ing o f the m id-point in D N A  replication w ith respect to the end o f m itosis 
is given in T ab le  2. In  the strains with the larger cell m asses, cdc 2 .M 35  and 972 w ild 
type, the m id-point is about o-i o f a cell cycle after m itosis. T h is  interval increases 
as cells get sm aller and attains 0-5 o f a cell cycle in the strain with the sm allest cells, 
wee 1 . 1 .  T h e  protein content per cell at the m idpoint o f D N A  replication is sim ilar in 
the smaller strains wee 1 . 1  and wee 2 .1  but gradually increases in the larger strains 
(Table 2). T hese results are in good agreem ent w ith the hypothesis that the initiation 
of D N A  replication is subject to the 2 controls. In  cells d ividing at a sm all mass such 
as wee i . r  and wee 2 . 1 ,  there is a long G 1; and 5-phase is initiated w hen cells attain 
a mass equivalent to 7—7-5 pg protein/cell. In  the larger cells such as cdc 2 .M 35  and 
972 wild type, cells are alw ays above this cell mass and the G 1 is constant and short. 
In these cells 5-phase is initiated when mitosis and a m inim um  time in G x have been 
completed.
The m inim um  tim e in G x can be approxim ately estim ated from  the results with 
cdc 2 .M 35 antl 972 w ild  type. T h e  time from  the end o f m itosis to the m idpoint of 
D N A  replication is 0 -17  and 0-16  respectively. T h ese values are clearly overestim ates 
as they are calculated from  the end o f mitosis to the m idpoint o f D N A  replication
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rather than to its initiation. C orrecting for the duration o f ¿'-phase the values are 
0-13 and 0 -12  (T able  2). A  better estim ate can be made by autoradiography. T h e  
5 strains were labelled for 30 min, equivalent to 0 - 1 1 - 0 - 13  ° f  a ce^ cycle. In  cdc 2 .M 35  
and 972 w ild type, only cells with septa and sm all cells at the very  beginning o f the 
cell cycle were labelled. T h is  result is consistent with the m id-point o f D N A  replica­
tion taking place o-i cell cycle after m itosis at around cell septation. T h e  G x period 
can be estim ated from  the fraction o f cells w ith a septum  which are unlabelled, since 
these cells w ill not yet have initiated ¿-p h ase . T h ese values are given in T a b le  1 and 
after adding the fraction o f binucleates and correcting for the cell age distribution, the 
value o f the m inim um  time in G x is 0-09 for cdc 2 .M 35  and 0-08 for 972 w ild type. 
These values m ay be overestim ates if  the rate o f synthesis o f D N A  at the very  begin­
ning of S-phase is too low to detect, or if  it is difficult to label the early part o f S-phase 
due to a lag in the precursor kinetics. Both of these problem s have been m inim ized 
by using isotope o f high specific activity and long exposure times so that cells were 
either strongly labelled or not labelled at all.
The fraction o f cells with a septum  which are unlabelled was also counted in the 
3 strains with sm aller cells. A s cell mass at division decreased the fraction o f unlabelled 
septated cells increased until in wee 1 . 1  none at all were labelled (T ab le  1). T h is  result 
is quite consistent with the G x period increasing in length as cell mass at division 
becomes sm aller, as found in the synchronous culture.
T h e autoradiographs can also be used to determ ine how  synchronously ¿ -p h ase  is 
initiated in 2 sister cells. In  cdc 2 .M 35 , 972 wild type and wee 1 -5 0 , D N A  replication 
is initiated during the septated stage of the cell cycle. T h u s, asynchrony o f initiation 
between 2 sisters can be detected by observing the num ber o f septated cells in which 
only one sister is labelled. A s can be seen in T ab le  x, the fraction o f septated cells 
which are asym m etrically labelled is very  low for all 3 strains, indicating that initiation 
is almost sim ultaneous in sister cells.
T he mean difference in time o f initiation between sisters can be estim ated from  the 
proportion o f asym m etrically labelled pairs o f nuclei in septated cells in the total cell 
population. A sym m etrically labelled daughter nuclei m ay be due either to pairs in 
which only one daughter has initiated by the end o f the pulse, or to pairs in which 
one daughter had term inated ¿-p h ase  by the beginning o f the pulse and the other 
had not term inated ¿-p h ase  by the end o f the pulse. H ow ever, given the limited 
duration o f the septated period and the relatively long duration o f the pulse labels 
used here, the latter type are unlikely to occur. Therefore, asym m etrically labelled 
pairs of nuclei m ust represent all those sister pairs o f the population in which only 
one sister has initiated at any given instant (in this case, at the end of the pulse). 
Correcting for the age distribution o f an asynchronous population, this proportion of 
sister nuclei pairs in which only one sister has initiated ¿-p h ase  (at any given instant) 
must represent the mean difference between sisters in their tim e o f initiation. T h e  
mean differences for wee 1 .50 , w ild type 972, and cdc 2 .M 35  are extrem ely sm all, 
ranging from  0-003 to 0-009 o f a cell cycle or o-8 to 2-2 min. T h is  is far sm aller than 
the mean difference between daughters for their total cell cycle time, which is about 
o-i of a cell cycle (derived from  Fantes, 1977).
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The duration  o f  S -phase  in S .  pornbe
T h e  length o f 5-phase can be estim ated from  a knowledge o f the proportion o f cells 
o f a steady-state asynchronous population that are in the process o f D N A  synthesis. 
Individual cells in the process o f D N A  synthesis can be detected by autoradiography 
of pulse-labelled cells. I f  the pulse length is very  short in com parison to the length of 
5-phase, then the duration o f 5-phase, in term s o f a fraction o f the cell cycle, is directly 
given by the proportion, corrected for the age distribution, o f cells whose nuclei are 
labelled. In  this instance, the density o f labelling o f different 5-phase nuclei will be as 
uniform  as the rate o f D N A  synthesis during 5-phase, assum ing that all stages of 
5-phase are labelled with equal specific activity o f tracer. I f  the rate o f D N A  synthesis 
is fairly  constant during 5-phase, then the scoring o f labelled cells will be unam biguous.
U nfortunately in order to avoid excessively long exposure tim es, we have been 
forced to use pulse labels whose duration is by  no m eans short in com parison to the 
length o f 5-phase. In  this case, theoretically, the proportion o f labelled cells, correcting 
for the age distribution, will be determ ined by the com bined length o f the pulse label 
and 5-phase (in term s o f a fraction o f a cell cycle). In  practise, this introduces 2 
potential com plications.
T h e  first is that, since the length o f the pulse label becom es an im portant param eter 
in the estim ation, the kinetics o f the pulse label also becom e im portant. F or instance, 
if  v irtually  no label is incorporated into D N A  in the first 5 min o f the pulse, then the 
effective length o f a 20-m in pulse will be only 15  min.
T h e  second is that the level of labelling am ongst different cells w ill no longer be as 
uniform  as the rate o f D N A  synthesis during 5-phase, since a significant proportion of 
labelled cells will only have been in 5-phase for a sm all fraction o f the pulse label. 
T h is  means that some cells m ay be much less heavily labelled than others and may 
thus be m issed in the scoring.
T h e  extent of the first problem  was investigated by analysing the kinetics of 
[:5H ]guanosine incorporation into D N A . W ild-type 972 cells were pulse labelled for 
various lengths o f time, treated for D N A  autoradiography, and the quantity o f isotope 
rem aining counted. A s can be seen in F ig . 8, there is som e curvature in the incorpora­
tion o f label, indicating that the precursor pools are not fu lly  labelled until about 
20 min after the beginning o f the pulse. H ow ever, it is clear that incorporation does 
occur continuously from  the beginning o f the pulse label. M oreover, the rate during 
the first 10  min is at least 0-4 o f that between 30 and 40 min. T h erefore , as long as the 
autoradiographs are sufficiently heavily exposed, there is little danger that the effective 
length o f the pulse label w ill be significantly less than the period for w hich the cells 
are exposed to isotope.
T h e  second problem  o f non-uniform  cell labelling can also be overcom e by suffi­
ciently heavy exposure of the autoradiographs. In fact, this problem  probably never 
seriously arises because we have never encountered difficulties in deciding whether 
or not a cell is labelled. H ow ever, since the problem , if  it does occur, m ust be less 
acute the shorter the pulse label, we have estim ated the length o f 5-phase from  4 pulse 
labels o f different lengths.
A form ula relating the length o f ¿'-phase to the proportion of labelled cells after 
a pulse o f given duration is derived in the A ppendix. T h e  m id-point o f S -p h ase  must 
also be known and this is taken from  the values determ ined in the synchronous cultures 
(Table 2). T h e  lengths o f S-p h ase  in w ild type 972 have been calculated from  pulses 
of 10, 20, 30 and 40 m in and are plotted on F ig . 8. T h e  value estim ated from  each is 
identical, suggesting that the practical problem s o f using finite pulse lengths are not 
critical.
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Fig. 8 . T im e course of the rate of incorporation of [8 -3H]guanosine into D N A  as 
measured by the autoradiographic m ethod and calculated length of ¿'-phase. An 
exponentially growing 9 7 2 IT culture ( 3 x io n cells/m l) labelled and treated as described 
in Fig. 6 . T h e  label incorporated into D N A  per io 3 cells is plotted against the tim e of 
the pulse. T h e  calculated lengths of ¿-phase, as described in the Results and A ppen­
dix, are also plotted for each time point of the pulse. 0 ,  label in D N A ; ■ , length of 
¿-phase.
T he duration o f S -ph ase in the 5 strains o f different cell m asses was determ ined 
using a 30-m in pulse label. It can be seen from  T ab le  2 that the duration o f S -phase 
was very short for all the strains, ranging between 0-07 and 0 -12  o f a cell cycle. T h ere  
was no consistent relationship between cell mass at division and the duration o f S -  
phase. T h e  2 strains w ith m utated wee 1 genes had a rather longer S -ph ase than the 
other strains which m ight indicate that the wee 1 m utations have pleiotropic effects 
over the duration of S-phase.
D I S C U S S I O N
Three problem s have been considered in this paper: the relationships betw een 
cell mass and the durations o f the G x and o f the S-phases o f the cell cycle, and the 
variability in the duration o f the G x phase. W e shall consider each o f these problem s 
in turn.
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D uration  o f  G x
T h e  results concerning the relationship between cell mass at division and the dura­
tion o f Gy are sum m arized on F ig . 9. T h e  Gy phase is longest in cells w ith the smallest 
mass at division. A s cell mass at division increases, the G x phase gradually gets shorter 
until it reaches about o-i o f a cell cycle. Beyond this point further increase in cell mass 
at division does not make the Gy phase any shorter. Cell mass at 5-phase is greatest 
in cells with the largest mass at division, and both decrease together as far as a cell 
mass at division o f 15  pg protein (F ig . 9).
Pro te in/ce ll, pg at cell d iv is io n
Fig. 9 . Length of Gy and 5-phase, and protein content per cell at 5-phase against 
protein content per cell at division. T he length of Gy is taken from the synchronous 
cultures. T he length of 5-phase is taken from the autoradiographs. ■ , length of Gy;
A, length of 5-phase; # ,  protein content per cell at 5-phase.
H ow ever, cell mass at 5-phase does not fall below  a value o f about 7-5 pg protein 
per cell, even though cell mass at division continues to fall from  about 15  to 1 1  pg 
protein per cell (F ig . 9). T h is  is exactly what would be predicted from  the hypothesis 
that the initiation o f 5 is subject to 2 controls: attainm ent o f a critical cell mass and 
dependency upon com pletion o f the previous m itosis coupled with a short minimum 
time in G x. In  cells undergoing cell division at a sm all m ass the form er control de­
term ines the tim ing o f 5-phase, which consequently alw ays occurs at a constant cell 
mass. In  cells undergoing cell division at a larger mass the latter control determ ines the 
tim ing o f 5-phase, and the duration o f G x is short and constant. T h e  crossover from 
one control to the other occurs at 15  pg protein per cell at division, the point at which 
cell mass at the initiation o f 5-phase ceases to be constant, and where the duration of 
Gy begins to be constant. It should be stressed that both controls are operative in 
both large and small cells but only one o f them  is im portant in determ ining the timing 
o f 5-phase in a particular cell.
W e have recently discussed in some detail w hether the above hypothesis could 
apply to higher eukaryotic cells (N urse &  T h u riau x , 1977), and refer the interested
reader to  th is  d iscu ssio n , w h ere  w e co n c lu d e d  th a t  th e  h y p o th e s is  cou ld  ac t as a u sefu l 
conceptual fram ew o rk  fo r co n s id erin g  th e  v a ried  re su lts  o b ta in e d  w ith  m am m alian  
cells. T h e  m e ch a n ism  o f th e  2 co n tro ls  rem a in s  o b scu re . T h e re  are v ario u s  w ays by  
which a cell m ay  m o n ito r  its m ass w h ich  co u ld  be u sed  to  define  a m in im u m  critica l 
cell m ass re q u ire m e n t befo re  5 -p h a s e  can  be in itia ted . P ossib le  m ech an ism s have been  
review ed by  F a n te s  et al. ( 1 9 7 5 ).
T h e dependency o f 5-phase on com pletion o f the previous m itosis and a m inim um  
period o f G 1 m ay be caused by a requirem ent for reorganization o f the chrom atin 
between m itosis and D N A  replication. It has been suggested that chrom osom es have 
to décondense after mitosis before 5-phase can begin in m am m alian cells (Rao, 
Wilson &  Puck, 1977), and some changes in chrom osom e folding between the G 2 
and G x phases have also been observed in yeast (Pinon &  Salts, 1977). T h u s  the 
minimum period in G x m ay be because a 5. pom be  cell takes about o-i o f a cell cycle 
to décondense its chrom osom es sufficiently for D N A  replication to be initiated.
D uration o f  S -phase
There is some evidence that the duration o f 5-phase can be affected by cell m ass. 
Early em bryonic T ritu rus vulgaris  (Callan, 1973) and Drosophila m elanogaster  (Blum en- 
thal et al. 19 73) cells have a much shorter 5-phase than som atic cells, and are o f 
course m uch larger. T h e  inter-origin sites are m uch shorter in the em bryonic cells 
indicating that more replicons are switched on in these cells. S im ilarly , treatm ent o f 
Chinese ham ster m am m alian cells with F d U , w hich allows cell grow th to continue 
in the absence o f D N A  synthesis, results in cells, which when released from  the F d U  
block initiate more replicons than norm al (T aylor, 1977). M ore directly, it has been 
shown in Escherichia coli, that enlarging the cell w ill switch on an incorporated F  
factor replicon, which is norm ally dorm ant (Chandler, S ilver, Roth &  C aro, 1976). A ll 
these data could be interpreted in term s o f a cell m ass control over the num ber o f 
replicons active in a cell. T h e  bigger the cell, m ore replicons w ould be active and 
5-phase shorter. H ow ever, in our experim ents with 5. pom be  no consistent relation­
ship was observed between cell mass at m itosis and the duration o f 5-phase (T ab le  2). 
Cells over a 3-fo ld  range o f cell mass, ede 2 .M 35 , w ild type and wee 2 . 1 ,  all had 5- 
phases o f sim ilar duration. T h is  suggests that at higher cell m asses, at least in the 
range considered here, no new replicons are switched on which dram atically shorten 
the duration o f 5-phase. T w o  strains, wee 1 . 1  and wee 1 .50 , appeared to have rather 
longer 5-phases. T h is  m ay be due to possible pleiotropic effects o f m utations in wee 1 
over 5-phase, wee 1 is involved in the control initiating m itosis (N urse, 1975), but 
could conceivably be altered in nuclear or chrom osom e structure, such that 5-phase 
takes longer to com plete.
Variability in  the G x phase
The average difference in the duration o f the G x phase between 2 sister cells was at 
most about o-or o f a cell cycle. T h is  is far sm aller than the average difference in total 
cell cycle time between 2 sister cells which is about o-i o f a cell cycle (derived from  
Fantes, 1977). T h u s  most o f the variability  in cell cycle time is introduced later in the
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cell cycle o f 5. pom be  than the G x ph ase; this situation is in  contrast with many 
other eukaryotic cells in which most o f the variability  in cell cycle tim e is thought to 
be introduced during G x (Prescott, 1976). It is also o f interest w ith respect to the tran­
sition probability hypothesis o f cell proliferation (Sm ith  &  M artin , 19 73). In  this 
hypothesis the rate o f cell proliferation is determ ined b y a random  transition during 
the cell cycle between an A  state and a B  phase. Once this transition has taken place 
little further variability  is introduced into the cell cycle as the cell traverses the B 
phase. T h e  transition from  the A  state to the B phase is thought to take place during 
G 1 phase which is the most variable part o f the cell cycle in most cells (Sm ith  & 
M artin , 1974). H ow ever, this cannot be the case for S .  pom be. T h e  distribution of cell 
cycle tim es in 5. pom be can be interpreted in term s o f a random  transition event 
determ ining the rate o f cell proliferation (Fantes, 1977). B ut this transition cannot be 
taking place in G x as there is too little variability  in this phase o f the cell cycle. I f  a 
random  transition is taking place it m ust be in the G 2 phase o f the cell cycle. A lterna­
tively, the interpretation o f the distribution o f cell cycle tim es in term s o f a random 
transition should be treated with some caution.
We should like to thank M urdoch M itchison for his encouragem ent throughout this work, 
and the S.R.C. and M .R.C. (U .K .) for financial support.
A P P E N D I X
A  means o f estim ating the length o f 5-phase from  the proportion o f cells labelled 
after a pulse label o f given duration.
L e t S  =  2 .z  =  the duration o f 5-phase, x  =  the duration o f the pulse label, 
y  =  the proportion o f cells labelled in an asynchronous culture after a pulse of 
duration x , r =  the m id-point o f 5-phase
A ll units are in term s o f a fraction o f the cell cycle.
I f  q and p  are any 2 stages in the cell cycle (p  > q), then the proportion o f an 
asynchronous cell population that lies between q and p  is :
N ow , after a pulse label of duration x , cells between q =  r — z  and^> =  r +  z  +  x  in 
the cell cycle will be labelled.
^(1 rl)   2 ^ —̂
y  =  2^- —Z)
= 2 p ~1 x¡F ) . sinh (loge 2 ( z  +  x / 2)).
T h u s,
5 =  2 Z 2 . sinh- 1  { { y /2) (2 — r  — x /2 ) )  — x  
log« 2
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Effect o f L ig h t  on C e ll D iv is io n  in P la n t  
T issu e  C u ltu re s
L i g h t  s t r o n g l y  in f lu e n c e s  m a n y  a s p e c t s  o f  g r o w t h  in  
p la n t s .  T h e r e  h a v e ,  h o w e v e r ,  b e e n  fe w  s t u d ie s  o n  t h e  
e f fe c t s  o f  l ig h t  o n  c e l l  d iv i s io n  iri n o n - g r e e n  p l a n t  t i s s u e  
c u l t u r e s .  I n  t h e  c o u r s e  o f  in v e s t ig a t in g  t h e  p h y s io l o g y  o f  
c e l l  d iv i s io n  in  d e v e lo p in g  c a l lu s  c u l t u r e s  o f  Helianthus 
tuberosas i t  h a s  b e e n  o b s e r v e d  t h a t  l i g h t  c a n  h a v e  a n  i n ­
h i b i t o r y  e f fe c t  o n  c e l l  d iv i s io n .
Hours
Fig. 1. Percentage increase in cell number per explant with time of in­
cubation. Explants were removed from tubers in green light and cultured 
in groups of 80  in 12 ml. medium containing 10"5 molar 2 ,4-D, in 9 cm 
Petri dishes, at 25° C. Agitation was on a reciprocating shaker operating 
at 50 c/s with a 7 cm displacement. The explants were grown in total 
darkness (A), 120 ft.-candles (# )  and 450 ft.-candles (■ ) . Both light 
sources were mixed fluorescent and tungsten. Cell number data were 
derived from counts on 5 per cent chromic acid macerates of five explant 
samples.
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Ribosomal R N A  Precursors in Plants
M. E . R o g e r s | ,  U . E . L o e n in g !  a n d  R . S. S. F r a s e r J  
D epartment o f B otany, U niversity o f Edinburgh, Scotland  
[Received 30 J u n e  1969, and  in  revised fo rm  1 December 1969)
A high molecular weight, rapidly-labelled ribosomal R N A  precursor in  th e  pea- 
roo t tip  and in artichoke-tuber tissue is described. I t  has a  m olecular weight, 
determ ined by polyacrylam ide-gel electrophoresis, of abou t 2-3 x 106 daltons. The 
pea precursor R N A  consists of two com ponents which can ju s t bo distinguished 
by gol olectrophoresis, whereas th a t  from  th e  artichoke appears homogeneous.
2’3 x 108 daltons RN A  is labelled w ithin 15 m inutes of incubation in [32P]ortho- 
phosphato, and  is followed by a second precursor of m olecular w eight 1-4 X 10® 
daltons. Also appearing a t th is tim e is a  th ird  com ponent o f 0-9 X 10® daltons. The 
base composition of the 2-3 x 10° and 1-4 X 106 daltons R N A ’s is sim ilar to  th a t  of 
ribosom al RNA, in con trast to heterogeneous RNA. In  older regions of th e  pea 
root, in which the ra te  of ribosome synthesis is low, tho synthesis o f precursor 
molecules is decreased. In  excised pea-root tips, cu ltured  in  vitro, in which there 
is no not protein or RNA synthesis, label is incorporated into tho precursor. 
Assembly of ribosomes, howovor, is p revented  by inhibition of its processing, w ith 
accum ulation of the 2-3 X 10s, 1-4 x 108 and  0-9 X 10s daltons com ponents. The 
m ethod of synthesis of ribosomal RNA in p lants is discussed in relation to  th a t  in 
animals.
1. Introduction
T h e m echanism  of sy n th esis  an d  assem bly  o f ribosom es has on ly  been  in v estig a ted  
tho rough ly  in  an im al cells. In  m am m alian  cells th e  p recu rso r to  ribosom al R N A  is 
syn thesized  in  th e  nucleolus (P erry , 1962; S cherrer, L a th a m  & D arnell, 1963); i t  is a 
m olecule o f 45 s  an d  has a  m olecu lar w eigh t o f a b o u t 4-4 x lO 6 d a lto n s  (W einberg, 
Loening, W illem s & P enm an , 1967; M cConkey & H opkins, 1969). T h is m olecule is 
m e th y la ted  d u ring  or im m ed ia te ly  a f te r  syn thesis, an d  th e n  cleaved in  several stages 
to  form  th e  28 s an d  18 s rR N A  (G reenberg & P enm an , 1966). T he m olecu lar w eigh t o f 
th e  p recu rso r is n ea rly  tw ice th a t  o f th e  sum  o f th e  rR N A  com ponen ts (1-7 x  10s an d  
0-7 X 108 daltons). T he excess R N A , w hich is n o t m e th y la ted , is d iscarded  d u rin g  the 
process of rR N A  fo rm ation  (W einberg et al., 1967; Z im m erm an  & H oller, 1967; 
J e a n tu r ,  A m aldi & A tta rd i, 1968). R e ce n t experim en ts have  in d ic a ted  th a t  the 45 s 
p recu rso r is cleaved, losing non-ribosom al excess R N A , to  41 s R N A ; th e  la t te r  is then 
sp lit to  g ive th e  32 s p recurso r to  28 s  rR N A  an d  th e  20 s p recu rso r to  18 s R N A  
(W einberg  & P enm an , 1970). T h e  32 s R N A  has a  life tim e o f a b o u t one h o u r in  the 
nucleolus w hile th e  sm aller rR N A  com ponent, th e  18 s, is form ed from  20 s a n d  t r a n s ­
p o rted  to  th e  cy top lasm  rap id ly  (G irard, P en m a n  & D arnell, 1964).
L ess ex tensive  experim en ts on th e  rR N A  precursors h av e  been  described  in  th e  
new t T ritu ru s  (Gall, 1966) an d  in  X enopus  (L andesm an  & Gross, 1969; L oening, 
Jo n e s  & B irnstiel, 1969).
t  Present address: Departm ent o f Zoology, U niversity o f Edinburgh, Scotland.
X Present address: M ax-Planck-Institut für Biologie, Abt. Melchers, Tübingen, Germany.
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U ntil recen tly  no such high m olecu lar w eight rR N A  procursor could bo found  in 
p lan ts . T h e  p resum ed  p recu rso r in pca-ro o t tip s  (Locning, 1S)G7) w as fo u n d  to  be 
lab ile  a n d  fre q u en tly  lost du rin g  p re p a ra tio n  o f nuclear fractions. A  m ore s tab le  
com ponen t w as found  in ca rro t-d isk  tissue (L eaver & K ey , 1070, accom pany ing  
paper) a n d  in a rtich o k e  tu b e r.
In  th is  p ap e r we describe th e  iso la tio n  an d  p ro p ertie s  o f th e  p recu rso r rR N A  in 
p ea-ro o t tip s  an d  in  a r tich o k e -tu b e r tissue. Those tw o species illu s tra te  d iffe ren t 
aspec ts  o f th e  p ro p ertie s  o f th e  p recu rso r a n d  o f  rR N A  sy n th esis  in  p la n ts . T he 
artich o k e  p recurso r rR N A  seem s to  be a hom ogeneous m olecule, re la tiv e ly  s tab le  
du ring  e x tra c tio n ; a chase in c u b a tio n  a f te r  rad io ac tiv e  labelling  is effective in  th is  
tissue an d  d em o n stra te s  th e  tu rn o v e r  o f th e  p recu rso r. In  pea-ro o t tips, th e  p recu rso r 
is less s ta b le  d u rin g  iso lation , a n d  consists o f a t  least tw o com ponents. T h e  ro o t-tip  
conven ien tly  allow s ex a m in a tio n  o f  tw o cond itions in  w hich rR N A  sy n th esis  is 
d ec reased : iirst, in  th e  older p a r ts  o f th e  ro o t w here ribosom e syn thesis  progressively  
decreases b u t in co rp o ra tio n  o f iso tope con tinues, an d  second, in  excised, cu ltu red , 
ro o t tip s  in  w hich n e t syn thesis  o f ribosom es an d  of p ro te in  is in h ib ited . T h e  ex p e ri­
m en ts  in d ica te  th a t  in  th e  first s itu a tio n  th e  syn thesis  o f th e  p recu rso r is decreased, 
while in  th e  second th e  processing o f th e  p recu rso r to  rR N A  is inh ib ited .
2. Materials and Methods
(a) Growth and labelling of pea roots
P ea seeds (Pisum  sativum  var. Meteor) were sterilized by  washing in 90%  ethanol 
followed by 1 %  sodium hypochlorite, and were rinsed several tim es in sterile distilled 
water. They wero plantod under sterile conditions in m oist Verm iculite (2-5 vol. : 1 vol. of 
w ater, nutoclaved) and grown a t  25°C for 2 to  3 days. The seedlings were harvosted when 
the roots were about 4 cm long, and were washed in distilled w ater a t  25°C before transfer 
to radioactive media.
In ta c t seedlings wore incubated w ith  their roo t tips dipping in 20 ml. distillod w ater 
per 00 seedlings, containing 1 to  2 me [32P]phosphate (specific ac tiv ity  30 to  40 c/m g P, 
obtained from the Radiochem ical Centre, Amersham, and  dried to  remove HC1) a t  24 to  
25°C. To follow RN A  synthesis in different regions of th e  root, the  roots were cu t afte r 
incubation into 3 segments m easuring PC m m  (the tip), 1-8 and  3 m m .
F or experim ents on cultured  root tips, the  term inal 3 m m  were cu t in sterile 2%  sucrose 
and 32P  (0-25 to  0-5 m c/m l.) was added im m ediately. 20 to  30 roo t tips/m l. were incubated 
a t 25°C.
(b) Growth and labelling of artichoke tubers
P lan ts of the  Jerusalem  artichoke (Helianthus tuberosus var. B unyards R ound, a. single 
clone) were grown ut the  D epartm ent. E xp lan ts of 9 mg wore cu t from  parenchym al 
tissue of the tubers and cultured  aseptically in liquid m edium  (4% sucrose, m ineral salts 
(Bonner & A ddicott, 1937) and 10-5 M-2,4-dichlorophenoxyacetic acid) as described by  
F raser, Loening & Y eom an (1967). 30 explants were cultured in  5 m l. m edium  a t 25°C 
in the dark, for 20 to  40 hr. Most of tho undam aged cells of the  explants divide sy n ­
chronously afte r a culture tim e of abou t 25 h r; the  tim e taken  for the  first division in ­
creasing w ith the  age of the tuber. L ight inhibits cell division (Fraser et al., 1967) b u t has 
little effect on rR N A  synthesis. The R N A  conten t of the  tissue increased fourfold during 
the first 50 hr of culture.
H andling of tho oxplants for radioactive incubation was in norm al laboratory  light; 
most of the incubation tim e was in the  dark . 30 explants wore washed in 10 ml. sterile 
phosphate-free culture medium  to rem ove excess phosphate. F or the  pulso incubation 
tho oxplants wero transferred  to  3 ml. o f phosphato-frco modium containing up  to  1 mo 
of 32P. I t  was found th a t sho rt periods of exposuro of the tissue to phosphato-free mediiun 
had no effect on tho labelling of the RN A  or on the  subsequent grow th of the  oxplants.
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The chase incubation  was in 10 ml. of sterile com plete culture m edium . F o r those in ­
cubations, th e  oxplants wore in punctured  centrifuge tubes which could bo readily  tra n s ­
ferred from  one m edium  to the noxt.
(c) Cell fractionation and extraction of R N A  
The hom ogenization m edium  for tho artichoke tissue contained: 0-3 M-sucrose, 
0-05 m-KCI, 1 mM-magnesium acetate , 0-03 M-Xris, ad justed  to  pH  7-6 a t  0°C w ith  HC1; 
5 mM -dithiothreitol (Cloland, 1904). 30 explants were homogenized for 20 see a t  0°C using 
2 ml. of m edium , and  were im m ediately centrifuged a t  1000 g for 5 m in, to  give a  nuclear - 
debris fraction  and a cytoplasm ic superna tan t. D etergents for R N A  extraction  were 
added im m ediately afte r centrifugation.
A high pH  and  tho addition  of low-molecular woight yeast RN A  was found to  be 
essential for tho  reproducible isolation of tho  precursor rRN A  from  pea-root debris 
fractions. Tho m edium  usod contained: 0-5 M-sucroso, 0-05 m-KCI, 5 mM-magnesium 
acetate , 0-05 M-Tris, ad justed  to  pH  7-8 a t  0°C; 0-25 mg yeast R N A /m l. (B .D .H . or 
Sigma). Tho root tips wero homogenized in a  m otor-driven Teflon-in-glass homogenizer, 
using 1 ml. for 20 tips. Debris and su p e rn a tan t fractions wero separated  by centrifugation 
as for the  artiehoko tissue.
RN A  was ex tracted  from  th e  cell fractions, or by hom ogenization of th e  whole tissue, 
as described previously (Parish & K irby , 1960; Loening et al., 1969).
(d) Gel electrophoresis
Gels containing 2-2 or 2-4% recrystallized acrylam ide were prepared as described 
previously (Looning, 1967,1969).
(o) Determination of base compositions 
The RNA in selected gel slices was hydrolysed either w ith  10% (v/v) piporidino con­
taining 1 mM-EDTA a t  00°C for 48 hr, or w ith  0-3 m-KOIT a t  38°C for 15 hr. O ther details 
were as described previously (Looning, 1967; Loening et al., 1909).
(f) Determination of molecular weights 
Molecular weights were ob tained from the  gel eloctrophorotic-m obility as described by 
Loening (1969). Tho molecular weights of the  RN A  of th e  p lan ts wero previously d e ter­
mined as 1-3 X 106 and  0-7 x  10® daltons, respectively (Loening, 1968). Tho precursor rRN A  
com ponents will be referred to  by the ir molecular woights: sedim entation coefficients are 
usod only when discussing earlier results ob tained by centrifugation.
3. Results
(a) M olecular weights o f the precursor components
A  gel electrophoretic-separation o f the rapidly-labelled R N A  of artichoke tissue 
is shown in Figure 1. The radioactiv ity profile shows four discrete components with 
molecular weights o f 2-3 X 108, 1-4 X 10e, 0-9 X10® and 0-7 X10® daltons. The first three 
o f these and much o f the heterogeneous R N A , but not the labelled 0-7 X l0® daltons 
rR N A , were recovered in the crude nuclear preparations (Fig. 1(b)). The cytoplasm ic 
fraction contained most o f the labelled 0-7 x  10® daltons rR N A .
Rapidly-labelled R N A  from the pea-root tip shows the same components as th at 
from artichoke tissue. However, tho 2-3 x lO ® daltons R N A  peak is less stable. E x te n ­
sive breakdown occurred in earlier experiments, so th at there was a broad peak o f  
radioactivity at about 2-1 X 10® daltons, trailing to lower molecular weights. The use o f 
the homogenization medium described above prevented such breakdown. Separation 
o f the pea-root hoinogcnate into nuclear debris and cytoplasm ic supernatant fractions 
again shows that the 2-3 X 10®, 1-4 X10® and 0-9 X10® daltons R N A ’s are concentrated 
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cytoplasm . For this reason, and others to be discussed, we suggest that the 2-3 X 10° 
daltons R N A  is a precursor to both R N A ’s, that the 1-4x 10° daltons R N A  is the 
immediate precursor to 1-3 X 10° daltons rR N A , and that 0-9 X 10° daltons R N A  is the 
immediate precursor to 0-7 X 10° daltons rR N A .
The 2-3 X 10° daltons R N A  component from the pea-root tip is broader than might 
be expected for a homogeneous R N A , both in preparations o f total R N A  from the 
whole tissue (Loening et al., 1969) and in nuclear fraction R N A . The heterogeneity can 
be seen most clearly in the optical-density profiles o f electropherograms o f nuclear 
R N A  as in Figure 2. A t least two distinct components are apparent, which differ by
D i s t a n c e  m ig r a t e d  ( c m )
F i g . 2. O ptical-density profile o f scan of pea nuclear RN A.
R oots were cut at 0°C into segm ents as described. A nuclear fraction was prepared by hom o­
genization and centrifugation; R N A  was extracted and D N A  digosted. The Figure shows the 
optical-density scan of the nuclear R N A  obtained from 56-sec root segm ents. Electrophoresis 
in 2-2% gel for 3-5 hr. (---------- ) Optical density at 265 mp.
0-1 X l()° daltons in molecular weight. This profile was also reproducible in prepara­
tions from different regions o f the root.
In  pea and artichoke tissue, extraction o f the remaining protein interface with a 
further volume o f Parish & K irb y  (1966) detergents containing 0-5 M-NaCl, at 55°C 
for two minutes, yielded an additional amount o f the 2-3 X  10° daltons R N A . This was 
only 5 to 10 %  of the yield obtained with the cold detergents, which m ay therefore be 
assumed to extract the bulk of this precursor.
(b) Base compositions
The compositions o f the precursor components show that they are similar to 
rR N A  and clearly distinguishable from the heterogeneous R N A  (Table 1). The 
guanine content of the 2-3 X 10° daltons precursor is slightly less than that of the 
weighted average of the two ribosomal R N A ’s. This could p artly  be due to contam ina­
tion by the underlying heterogeneous R N A . The data are not sufficiently precise to 
enable one to conclude the composition o f the non-ribosomal excess R N A  in the 
precursor.
The composition of the 1-4 X  10s daltons component is similar to that o f the 1-3 X 10° 
daltons rR N A . This suggests that it is the immediate precursor to the rR N A , and not a 
dimer produced by aggregation of the 0-7 X  10° daltons rR N A .
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T a b l e  1
Base com position o f pea  and artichoke R N A  components
Molo w t 




R N A C
Moles per cont 
A G U G +  C
Short label
(45 to 60 min)
> 3 Heterogeneous Pea 19-9 30-0 25-0 25-1 44-9
Artichoke 19-5 32-0 26-9 21-8 46-4
< 2 Heterogoneous Pea 18-5 32-0 24-9 24-6 43-4
Artichoke 18-9 33-3 26-8 21-2 45-7
2-3 Precursor Pea 20-5 27-7 28-8 22-9 49-3
(whole root)
2-3 Precursor Pea 20-5 26-3 29-4 23-8 49-9
(excised root)
Artichoke 21-1 27-7 30-0 21-3 61-1
1-4 Precursor Pea 20-4 27-5 31-5 20-6 51-9
Artichoke 21-0 28-8 31-3 18-7 52-3
1-3 Ribosom al Pea 20-1 28-0 31-8 20-1 61-9
Artichoke 20-1 29-2 31-1 19-4 51-2
0-7 Ribosom al Pea 19-8 27-9 28-3 23-3 48-1
Artichoke 20-3 26-9 28-3 24-5 48-6
Long label
( > 2 h)
1-3 Ribosomal Pea 21-8 24-9 32-2 21-1 54-0
Artichoke 21-6 28-1 31-5 18-9 53-1
0-7 Ribosomal Pea 21-1 25-9 28-5 24-4 49-6
Artichoke 20-5 27-6 28-1 23-9 48-6
W eighted-average of rR N A ’s: (pea) 21-6 25-3 30-9 22-2 52-5
Gel slices wero takon from regions indicated by molecular weight. 1 to 3 peak slices were used  
for the ribosomal and precursor com ponents, and 2 to 5 for the heterogeneous com ponents. 
Standard deviation were up to ± 0 -4  for peak fractions, and ¿ 0 -8  for heterogeneous R N A . The 
number of determ inations was 3 to 6 in each case. A m inim um  o f 2000 counts above background 
(5 cts/m in) was collected per sample.
(c) Tim e-course o f labelling o f r R N A
In  pulse-chaso incubations o f artichoke tissue, it was shown th at the labelling o f 
rR N A  continues for several hours after a 15-minute pulse while that o f D N A  ceases 
after 30 minutes. The incorporation o f 32P  into the rR N A  and precursors in the 
nuclear and cytoplasm ic fractions is shown in Figure 3(a) and (b). The 2-3 X 10a dal tons 
precursor became labelled rapidly during the first 40 minutes o f incubation, and 
lost label after longer chase incubations. This is consistent with its precursor function, 
although further data would be required to dem onstrate a direct precursor relation­
ship to the rR N A . Artichoke tissue differs from m any other plant tissues in that 
it is possible to demonstrate the loss o f label from the precursor during the chase 
incubation.
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F ig . 3. U ptake of radioactivity into R N A  fractions from the artichoke.
E xplants were cultured for 40 hr, and then incubated for 15 m in in 33P. Subsequent chase 
incubations wore for 1, 15, 30, 45, 75, 165 and 345 m in. The cytoplasm ic fraction was variably  
contam inated w ith precursor R N A  and 1-3 X 10° daltons rRNA owing to the m ethod o f hom o­
genization used. R adioactiv ity  in  the rRNA and precursors was obtained from the electro­
phoresis scans, taking only counts above the heterogeneous background, (a) Nuclear fraction
R N A; (b) cytoplasm ic fraction R N A . (a) — O  0 ~ ~ > 2-3 x  106 daltons; — A  A — . l ' 3 x  10s
daltons (plus 1-4 XlO 8 daltons); — □ -------□ —•, 0-7 X 10e daltons. (b) — A'—“ A — . 1-3 XlO 8
daltons; — □ — □ — , 0-7 X 10° daltons.
Label in the 1-4x 10® and 1-3 X lO 8 daltons components (these were summed in 
Figure 3(a), since they have not been com pletely separated b y  gel electrophoresis) 
increased for several hours during the chase incubation. The 1-4 X 10s daltons com­
ponent was labelled before the 1-3 XlO® daltons rR N A , as indicated for a 45-minute 
incubation in Figure 1. Nuclear 0-7x 10® daltons rR N A  is labelled ve ry  slowly, as 
indicated in Figure 1 (the pea and artichoke are similar) and Figure 3. I t  is probable 
that the specific activ ity  o f the 0-7 X 10® daltons rR N A  is lower in the nuclear fraction 
I than in the cytoplasm ic for incubation times up to about two hours.
(d) Ribosom al R N A  synthesis in  different regions o f the pea  root
Rapidly-labelled R N A  of the three root segments was investigated in preparations 
of total R N A  without cell fractionation, thus minimizing degradation. A n  approxi­
mate measure of the rate of processing of the 2-3 X 10® daltons precursor was obtained 
from the ratio o f the label in rR N A  (here including 1-4 X 10® daltons R N A ) to that in 
the precursor. W ith short incubations o f up to 40 minutes, during which the label in all 
components is increasing, a higher ratio would indicate faster processing or a shorter 
lifetime o f the prim ary precursor. F igure 4 shows th at after a 35-minute incubation, 
the ratio o f label in 1-4 X 10® and 0-7 X 10® daltons rR N A  to th at in 2-3 X 10® daltons 
R N A  is similar in all three segments. A fter a 15-minute incubation only the 2-3 X 10® 
daltons precursor was labelled in all three segments. Assuming that the ratios of label
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D i s t a n c e  m ig ra te d  ( c m ) ( u p p e r  s c a l e )  
M ol.  w t  ( d a l t o n s  x 1 0 - e ) ( l o w e r  s c a l e )
F io . 4. Tim ing of rRNA synthesis in different regions o f the pea root.
Seedlings were labelled in 32P (0-6 mo) as described in  the tex t, for 15 min, and incubation was 
continued in 10"° M-pliospbato for 20 min. Each root was then cut at 0°C into 3 segm ents as 
described in the toxt; (a) the tip, 0 to 1-6 mm, (b) 1-6 to 3-4 mm, (c) 3-4 to 6-4 m m , using a P lex i­
glass tem plate. T otal R N A  was extracted and D N A  digested. R N A  equivalent to tho yield from 
about six segm ents was applied to each gel. Electrophoresis was in 2-4% polyacrylam ide gels for 
3 hr. The logarithmic m olecular-weight scale is indicated except where the oxact position of
optical-density peaks cannot be determined. (---------- ) Optical density a t 265 mp; ( _ |  | )
histogram , cts/sec32P.
are in d ep en d en t o f an y  differences in  u p ta k e  o f 32P  in to  th e  th re e  segm ents, th e  
resu lts  in d ica te  th a t  th e  ra te  of processing is as h igh  in  th e  o lder p a r ts  o f th e  ro o t as in  
th e  younger.
(e) Eibosomal E N A  synthesis in  excised pea-root tips  
R o o t tip s  w ere in c u b a te d  in  32P  in  sucrose for one h o u r im m ed ia te ly  a f te r  excision, 
follow ed b y  various tim es in  sucrose alone. A fter 30 m in u tes  in  32P , on ly  th e  2-3 X 10s 
d a lto n s p recu rso r an d  heterogeneous R N A  w ere labelled , as in  th e  in ta c t  ro o t a f te r  
15 m inu tes in cu b atio n . A fter one hour, label w as ju s t  d e tec tab le  above b ackg round
in the l-4x l 06 daltona component. B y  three hours, the 1-4 x lO 8 and the 0-7 x lO 6 
daltons rR N A  were labelled, but a high proportion of the total label was still in the
2-3 X  10° daltons precursor (Fig. 5(a)). I t  is probable that this has accum ulated b y  this 
time, since it can be distinguished in the optical-density profile, which is not norm ally 
possible in preparations o f unfractionated cell R N A  from whole roots. The amount of 
label in the 0-9 X  10° daltons component is also much greater in the excised root (Fig. 
5(a)) than in the intact root (Fig. 4). The base compositions of all components in the 
excised root tip were similar to those in the intact root (Table 1).
A  comparison between these results and the labelling o f rR N A  in root tips o f 
intact seedlings (Fig. 5(b)) shows the extent o f inhibition o f processing o f the 2-3 X  10a 
daltons precursor caused by excision.
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D i s t a n c e  m i g r a t e d  ( c m )  ( u p p e r  s c a l e )
Mol. wt (daltons X 1 0 - 6 ) (lower scale)
F ig . 5. Tim ing of rRNA synthesis in the cultured p e a  root tip.
(a) R oot tips measuring 3 mm were labolled for 1 hr in small Petri dishes, containing 20 tips/m l. 
2% sucrose/dish, and 0-75 m e 32P/dish. Incubation was continued in 2% sucrose for 2 hr. R N A  
was extracted as described, but DNA was not digested. R N A  equivalent to the yield from 2 roots 
was applied to the gel. Electrophoresis was for 3 hr in 2-2% gels.
(b) Labelling of rRNA over long periods in the intact seedling. Seedlings were labelled in 
2 me 32P for 45 min, followed by further incubation in water for 3 hr. R oot tips measuring 3 mm
were cut off, and thoir R N A  extracted. Electrophoresis was for 3-5 hr in 2-2% gels. (— ------ )
Optical density at 205 m/r; ( | (__) histogram, cts/sec 32P-labolled RN A.
4. Discussion
The results show that a high molecular weight precursor to rR N A  can bo found in 
plant tissues. I t  appears to be heterogeneous in some species and its molecular weight 
varies from 2-3 X 10° to 2-8 X  10s daltons in different species. The weight o f the pre­
cursor in mung bean leaves is about 0-3 X 106 daltons more than th at in the artichoke 
(Loening et al., 1969). In  the carrot (Leaver & K e y , 1970) and in yeast (Sassella & 
Loening, m anuscript in preparation) there seem to be two distinct components. Their
Li
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molecular weights are 0-3 X 10° to 0-8 X 10° dal tons larger than the sum of the weights 
o f the rR N A  components, and the excess is presum ably lost during processing. This 
amount o f excess R N A  is much sm aller than that in mammals and compares to th at in 
X en o p u s  (Loening et al., 1969). In  all these eukaryotes, it appears to be a universal 
phenomenon that the smaller rR N A , 0-7 x  10° daltons, is rapidly transported to the 
cytoplasm , while the imm ediate precursor to the larger rR N A  remains for an hour or 
more in the nucleolus.
An exact interpretation of these results in term s o f the probable stages o f processing 
depends critically on the accuracy o f the molecular-weight determinations. The 
gel-electrophoretic method essentially determines ratios o f molecular weight between 
components, while it is differences o f weight between precursors and products which 
are required. Thus if  the weight o f the IS  s rR N A  has been overestimated, and is 
actually  0-65 X 10° daltons instead of 0-7 X 108 daltons (cf. Ham ilton, 1967; McConkey 
& Hopkins, 1969; Loening, 1969) then the apparent weight o f the artichoke precursor 
would be increased by more than 0-1 X l0 6 daltons.
The simplest interpretation o f the results is to assume th at the 2-3 X 106 daltons pre­
cursor R N A  is cleaved into two molecules, one o f molecular weight 1-4 X l08 daltons 
and the other of 0-9 X 10s daltons. The former has a relatively  long lifetime and is 
cleaved to the 1-3 X lO 6 daltons rR N A ; the 0-9x 10° daltons R N A  rapid ly loses 
0-2 x  10° daltons excess to become the 0-7 X lO 8 daltons rR N A . The evidence th at the 
plant 0-9 X 10° daltons R N A  is similar to the H eLa cell 20 s R N A , and is a precursor 
to the 0-7 X 108 daltons rR N A , is that it is found in the nuclear fraction and th at it 
accumulates when processing is inhibited in the excised root tip. A  similar component 
has been reported for insects (Edstrom  & Daneholt, 1967) and amphibians (Rogers, 
1968). However, we have not succeeded in labelling the plant R N A  satisfactorily with 
labelled methionine as a m ethyl donor, nor has it been possible to obtain meaningful 
base compositions o f the 0-9 X lO 8 daltons component. Therefore its function has not 
been proved. The evidence that the 1-4 X 10° daltons R N A  is a precursor to the rR N A  
is based on the times of labelling and on its similar composition to the 1-3 X 10° daltons 
rR N A .
In  cases where two apparent precursors are found, as in the pea, in yeast (Sassella 
& Loening, m anuscript in preparation) and in carrot (Leaver & K e y , 1970), it would 
be the one o f lower molecular weight which would be split exactly  into the two 
immediate precursors to the 1-3 X 10° and 0-7 X 10° daltons rR N A ’s. The higher mole­
cular-weight precursor would then include a variable amount o f excess R N A  above the 
minimum weight of 2-3 X 10° daltons. This would account for the heterogeneity o f the 
precursor as well as for the differences between species.
The heterogeneity could be due to the synthesis o f molecules o f different length, 
to a gradual rather than stepwise loss o f the excess R N A , or to processing before 
synthesis is completed. These alternatives cannot be distinguished at present. H ow ­
ever, in pea and carrot the two precursors can be detected by their optical densities 
on the gels, and should therefore have comparable lifetimes. The pulse incubations 
(Leaver & K e y , 1970) do not distinguish between them, and so suggest th at at least 
some o f the lower molecular-weight molecules are synthesized directly, independently 
of larger molecules.
I f  the above interpretation is correct, then the 2-3 X 10° daltons precursor can be 
compared to the 41 s (3-1 X 10s to 3-4 X 108 daltons) component in H eL a  cells, which is 
cleaved to 32 s (2-1 X lO 8 to 2-4x 10° daltons) and 20 s (0-9x 10° to 1 X lO 6 daltons)
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without loss o f excess R N A  (Weinberg & Penman, 1970). All the eukaryotes would 
thou have in common a ribosomal precursor o f a minimum molecular weight sufficient 
to give the im m ediate precursors to the rR N A . This minimum is 2-3 X 10s daltons in 
plants, 2-5 X 10° daltons in X enopus  (Loening e£ak, 1969) and about 3-3 X 106 daltons in 
H eLa cells (Weinberg & Penman, 1970). Different species have a first precursor which 
contains a variable excess of R N A  above this minimum, from 0 to 0-5 X lO 6 daltons 
in plants, about 0-1 X 10s daltons in X en o p u s  to about 1 X 10s daltons in mammals. In  
birds, the excess appears to be slightly smaller than in mammals (Perry et al., 1970).
These results support the suggestion made previously (Loening et al., 1969; Perry 
et al., 1970) that the evolution o f the mammalian precursor is the result o f a shift o f 
the initiation or termination site to previously non-transcribed lengths o f tho ribo­
somal D N A .
The growth o f the pea root provides opportunities for the study o f the rates o f 
synthesis and o f processing o f the rR N A  precursors under conditions where net 
synthesis is decreased. Our results indicate that in the older cells, which have expanded 
and become vacuolated, the pool o f precursor R N A  is smaller and its lifetim e un­
changed or shorter. The control o f synthesis must then be close to the site o f synthesis 
o f tho precursor. In  contrast to this, the conditions in the excised root tip result in 
a pool o f precursor with greatly increased life, or delay in processing. In  this system , 
net protein and R N A  synthesis are inhibited, but cell expansion continues, and is 
in some cases increased by inhibitors o f R N A  metabolism like thiouracil (Heyes & 
Vaughan, 1967) and ribonuclease (Yeom an, 1962). Since enzyme turnover continues, 
and radioactiv ity is incorporated into DNA-liko R N A , the excised root m ay bo com­
pared to a step-down system  (Loening, 1965). I t  is possible that tho inhibition o f 
processing is through a shortage o f ribosomal proteins, in which case the imm ediate 
effect o f excision suggests that the pool of proteins is small. Further analysis o f this 
and other plant system s should yield considerable information about the synthesis 
and transport o f ribosomal R N A .
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A B S T R A C T
Explants of Jerusalem  artichoke tuber tissue were cu ltured  in  n u tr ie n t m edium  w ith  the 
hormone, 2,4-dichlorophenoxyacetic acid. A fter a  lag period, 90 per cent o f the  cells divided 
synchronously. D uring the  first two cell cycles, the  ra te  of ribosom al RN A  synthesis increased 
sha7’ply in two steps; before th e  onset of DNA synthesis for the first division, and early in 
interphase before the second division. R ates of RN A  and  protein accum ulation, and phosphate 
uptake also increased sharp ly  a t  these tim es. F rom  experim ents w ith explants in  which 
DNA synthesis and cell division had  been inhibited, it was concluded th a t  th e  stepwise p a tte rn  
of ribosomal RNA synthesis was no t caused by the replication of ribosom al RN A  genes, as can 
happen in m am m alian cells. Instead , the  periodicity of m etabolism  was found to  be independent 
of the DNA synthesis-cell division cycle. A cause of th e  stepwise n a tu re  of ribosomal RN A  
synthesis is suggested.
I t  is considered th a t  despite th e  high synchrony of division, the  system  is no t com pletely 
suited for the study  of events associated w ith  th e  cell cycle in higher p lan ts. However, the  
synchrony of much of early  m etabolism  suits i t  to  the s tudy  of induction of cell division in 
previously non-dividing cells, and the consequent process of de-differentiation.
I N T R O D U C T I O N
The normal fate of the storage tissue of Jerusalem  artichoke tuber is to break down 
to provide nutrients for the developing buds. B ut when explants of tuber tissue are 
placed in a suitable nutrient medium, vigorous cell division is induced (Yeoman, 
Dyer, and Robertson, 1965). All bu t 1 per cent of the cells of the freshly-cut explant 
are highly vacuolated, storage parenchyma. Repeated division, with little accom­
panying cell expansion, leads to a tissue of small, non-vacuolated, meristematic-type 
cells (Yeoman et al., 1965). The growth of explants thus displays two features 
characteristic of oncogenesis, an increased rate of cell division and de-differentiation.
The first few divisions in the explant are inherently synchronous (Yeoman and 
Evans, 1967, and Fig. 1). DNA synthesis for these divisions is also synchronous 
(Mitchell, 1967). Under the correct culture conditions, 80-90 per cent of the cells 
divide (Fraser, Loening, and Yeoman, 1967). The synchrony of division, and 
the high uniformity of cellular composition and response suggest th a t the system 
provides a good opportunity to study metabolic events connected with the cell
1 Present address: Department of Zoology, University of Edinburgh, West Mains Road, Edinburgh 
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cycle, and with the transition of cells from a differentiated state to  a de-differentiated 
one. I t  is of interest to ask whether changes in aspects of metabolism other than  cell 
division also occur in a synchronous manner, and to  determine whether these 
changes are related to the cell division cycle or to some overall growth pattern  of the 
explant.
We have studied the ra te  of ribosomal RNA (r-RNA) synthesis during the first 
two divisions, and have followed changes in explant contents of r-RNA, transfer 
RNA (t-RNA), and protein. We then tested the extent to which these changes were 
related to cell division and the cell cycle rhythm  by experiments with explants in 
which DNA synthesis and cell division had been inhibited.
M A T E R IA L S  A N D  M E T H O D S
Tissues
E xplan ts of secondary xylem parenchym a were rem oved aseptically, in  dim  green light 
(Fraser etal., 1967) from  tubers of Jerusalem  artichoke (Helianthus tuberosus L. var. ‘B unyard’s 
R ound’). The explants were 9 mg fresh weight and contained abou t 20 000 cells. The completely 
defined culture m edium  contained m ineral salts (Bonner and A ddicott, 1937) 4% sucrose, 
and 10-5  M 2,4-diclilorophenoxyacetic acid (2,4-D). T h irty  explants were cultured in 5-25 ml 
sterile m edium  in a 90 m m  diam eter petri dish, in to ta l darkness. The cultures were agitated 
on a reciprocating shaker operating w ith a 50 m m  displacem ent a t  50 cycles/min.
Radioactive incubation
B atches of 30 explants were rinsed w ith phosphate-free culture m edium  to rem ove inter­
cellular phosphate. The ‘pulse’ incubation was for 15 m in  in  3 ml culture m edium  lacking 
phosphate, b u t containing 85 pCi/ml 32P-orthophosphate (Radiochemical Centre, Amersham, 
U .K .). A 75 m inute ‘chase’ incubation followed in 10 ml non-radioactive, com plete culture 
medium, which had a phosphate concentration equivalent to  12  mgl-1  KFI2PO 4 . All solutions 
used in labelling were sterile.
The ‘chase’ incubation in  th is tissue is highly effective in  preventing fu rthe r en try  of 32P 
into nucleotide precursor pools. A fter a  90 m in pulse-cliase incubation, about 75 per cent of the 
to ta l counts in r-RNA  were in the m atu re 25 and 18S species, while 25 per cent were in the 
r-RNA precursor. Full details of the kinetics of labelling are published in Rogers, Loening, 
and Fraser, 1970.
Extraction and fractionation of nucleic acids
Nucleic acids were ex tracted  by a detergents-phenol procedure (Kirby, 1965; Loening, 
1967) and precip itated  w ith ethanol. The extraction  m ethod used gave a high, reproducible 
yield of undegraded RNA (Fraser, 1968, 1971). An estim ate of 32P  up take by the explants was 
obtained by counting samples of the  superna tan t rem aining afte r sedim entation of the pre­
cipitated  nucleic acids. The nucleic acids were fu rther purified by  successive reprecipitations 
(Loening, 1969).
Nucleic acids were fractionated  by electrophoresis on polyacrylam ide gels (2-2% acrylamide, 
0-11% bis-acrylamide) for 90 m in a t  5 mA/gel, 8  V/crn gel length (Loening, 1967). The gels were 
scanned for ultraviolet absorption a t  265 nm  w ith  a Joyce-Loebl Chromoscan. The gels were 
then  frozen in solid CO2 and sliced transversely a t  0-5 mm  intervals w ith a Mickle gel slicer. 
R adioactiv ity  in  each slice was determ ined in a  Beckm an Low beta planchet counter. Fig. 2 
shows a typical gel of nucleic acids from  explants labelled during the first period of DNA 
synthesis.
The following d a ta  were derived from  such gel scans. The weights of r-R N A  (18S plus 25S) 
and t-R N A  were calculated from  the  areas of the ir peaks on the absorbance scan. P eak  area is 
linearly proportional to  th e  weight of RN A  present (Ingle, 1968; F raser, 1971). B y th is means 
it  was possible to  calculate explan t contents of r-R NA  and t-R N A . The to ta l radioactivity  
incorporated into r-R NA  was found by adding the radioactivities of the  individual gel slices
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in the 25S and 18S rad ioactiv ity  peaks, allowing for the level of polydisperse background 
labelling on the gel (Fraser, 1973).
Estimation of total D N A , R N A , and protein contents
Explants wore stored in m ethanol a t  0 °C between harvesting  and analysis. Ten explants 
were used for each determ ination. W ashing to  remove contam inants, such as lipids and 
nucleotides, was by  the  m ethod of H oldgate and Goodwin (1905). The explants were no t 
homogenized for washing or subsequent ex traction  of nucleic acids. H om ogenization did no t 
increase the efficiency of w ashing or extraction , and gave less reproducible results.
Nucleic acids were ex tracted  into 0-5 N  HCIO4 by five successive 20 m in extractions a t  70° C 
(Schneider, 1945). RNA concentration was calculated from  the  u ltraviolet absorption spectrum  
of the combined first and  second ex tracts . The 260:235 nm  absorbance ratios of the ex tracts 
were over 2 :1 . DNA was determ ined on the  combined five ex tracts  by  the  diphenylam ine 
method (Burton, 1956). A lthough HCIO4 ex tracts contain both RN A  and DNA, RN A  is about 
90 per cent of the to ta l nucleic acid present in explants, and RN A  is ex tracted  m uch more 
rapidly than  DNA by HCIO4 (Fraser, 1968). The first two ex tracts  therefore contained only 
a few per cent of DNA, and th u s provided a suitable m easure of to ta l RNA.
Protein was ex tracted  from  the  rem ains of the  explants by incubating w ith  1 m l N  N aO H  
for 12 h a t 20 °C, and was m easured by the m ethod of Lowry, Rosebrough, F arr, and R andall 
(1951).
Each to ta l RNA, DNA, or p rotein  value quoted in the  results is the m ean of a t  least three 
replicate determ inations. Over 90 per cent of the individual determ inations were w ithin 
+5 per cent of the mean.
Cell number and the synchrony of cell division
Cell num bers were estim ated on samples of five explants, m acerated for 24 h a t  20 °C in 
2 ml 5% chromic acid (Brown and Riekless, 1949). Chromic acid does no t degrade the wall of 
the original cells of the explan t (Yeoman and E vans, 1967). Thus w hen a cell has divided once 
during culture, the products appear in  the  m acerate as a  ‘p a ir’, th a t  is as two d istinct daughter 
cells w ithin an outer cell wall. Similarly, the  second division leads to  the  appearance of ‘fours’, 
the th ird  division to  ‘eights’ etc. This enabled us to  quantify  progress of the first and second 
divisions, and thus to  confirm the  high degree of synchrony of division.
By scoring a sample of m acerate for to ta l cells (T ); single, undivided cells, and the  num bers 
of ‘pairs’ (P) and ‘fours’ (F) etc., it was possible to  calculate the  increase in  cell num ber which 
had occurred during culture in the sample exam ined: 1 =  1 x P  +  3 x F  etc. The num ber of 
cells in th a t sample a t the  s ta r t  of culture is X  =  T — I.
From these values, and expressing the results per 100 cells present a t  zero tim e, we can 
derive data  for the to ta l num ber of cells in the explan t: (T x 100)/X; the  percentage increase 
in cell num ber during cu ltu re: (I x 1 0 0 )/X ; th e  num ber of cells arising as a consequence of 
the first d ivision: (2P x 100)/X ; and the num ber of cells arising as a  consequence of th e  second 
division: (4F x 100)/X.
Figure 1 shows an analysis of changes during culture in the cellular composition of explants. 
After a lag of 22 h  during which no division occurred, 85 per cent of the  cells com pleted th e  
first division between 22 and 28 h. In  o ther words, up to  22 h, no ‘pairs’, indicative of once- 
divided cells, were visible in the m acera tes; between 22 and 28 h 85 per cent of the  original cells 
became ‘pairs’ in the m acerate. The 15 per cent of cells which did n o t enter the  first division did 
not divide later. Between 28 and 35 h, there was no cell division in the  explants. The num ber 
of cells as ‘pairs’ rem ained constant, and no ‘fours’ appeared. A t 35 li, the second division 
commenced: ‘fours’ began to  appear in the  m acerates and increased to  44 h. The num ber of 
cells as ‘pairs’ correspondingly fell as ‘fours’ appeared, b u t some cells which had com pleted 
the first division failed to  divide again. This is shown by  the  persistence of a residual population 
of ‘pairs’ after the second division. ‘E igh ts’, indicating the occurrence of a  th ird  division, began 
to appear im m ediately after the  end of the  increase in ‘fours’.
These d a ta  show th a t  early division in the  explan t was highly synchronous, b u t th a t  syn­
chrony was lost as growth continued. The ab ility  to  recognize unequivocally the  products of 
the first and second division m ade it possible to  determ ine the tim ings of these divisions 
accurately, w ithout having to  perform  the frequent cell counts necessary to  dem onstrate a 
step in cell num ber increase.
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F i g .  1 . C h an g es in  cell n u m b e r  a n d  c e llu la r  co m p o sit io n  o f  e x p la n ts  w ith  t im e  o f  c u ltu re .
• — •  Total cells; O—O single, (undivided) cells; □ —□  cells present in the macerate as 
‘pairs’, i.e. products of the first division; ■ —■  cells present as ‘fours’ , i.e. second division 
products; ▲ — ▲ cells present as ‘eights’ , i.e. third division products. Counts were on samples 
of chromic acid macerate equivalent to 400 cells at 0 h; data were derived as explained in 
Materials and Methods. D 1,D 2, and D 3 give the timings of the 1st, 2nd, and 3rd (cell) divisions;
I I  a n d  1 2  a re  th e  in te rp h a se s  p re ce e d in g  th e  1 s t  a n d  2 n d  d iv is io n s .
The accuracy of the  m ethod depends on there being no separation of daughter cells during 
m aceration. Values of percentage increase in cell num ber derived by the m ethod described 
agreed exactly  w ith  those calculated by estim ating to ta l cell num bers in  explants before 
and afte r culture, by counting samples of m acerate in a haem oeytom eter slide (Brown and 
Rickless, 1949). This confirms th a t  no separation of daughter cells occurred during maceration, 
and th a t our m ethod produced realistic cell num ber data.
Counting a sample of m acerate equivalent to  400 original cells was found to  produce highly 
reproducible results. In  a control experim ent involving counts of 10 samples of th e  same 
m acerate, the  percentage increase in cell num ber was 149 +  3 (mean +  standard  error). This 
level of reproducibility is higher th a n  can easily be obtained by haem ocytom eter counting in 
this tissue (Evans, 1907).
The tim ing of division obtained by th is m ethod is the  tim e of com pletion of cytokinesis. In 
th is tissue, the m id-point of m itosis is 3 h  before the com pletion of cytokinesis (Yeoman and 
Evans, 1967).
R E S U L T S
T im in g  o f  D N A  sy n th es is  a n d  cell d iv is io n
The period between excision and commencement of the first division was about 
20 h in explants cut from newly harvested tubers, or from tubers stored for less than 
6 months (Figs 1, 6). The pre-division lag period increased in length when the tubers 
had been stored for more than  6 months (e.g. Fig. 3). Once division had commenced, 
it was a t the same rate irrespective of the history of the tubers (Evans, 1967).
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Yeoman and Evans (1967) and Mitchell (1967) showed th a t DNA synthesis (S) 
for the first division takes 12-14 h. The period between the end of S and the first 
division (Go) lasts for 0-2 h. Variation in  the duration of the whole pre-division 
period is principally by variation in the length of the period ( G , ) between excision 
and the commencement of DNA synthesis. DNA synthesis for the second division 
commences soon after the end of the first division, and occupies most of the in ter­
phase preceding the second division. We have used these results as the principal 
means of locating the times of DNA synthesis for the first and second divisions.
For confirmation of these timings, DNA synthesis was also estim ated directly. 
DNA was detectable both as ultraviolet absorbance and radioactivity peaks on 
polyacrylamide gel fractionations of to ta l nucleic acid from 32P-labelled explants 
(Fig. 2). Unfortunately, it was not possible to derive satisfactory values for DNA 
amount or radioactivity from such gel separations. The m ethod used to extract
D is ta n c e  (mm)
F ig. 2. Polyacrylam ide gel electrophoresis o f 32P-labelled nucleic acids from explants 
labelled with 32P during the first S period. The continuous lines show ultraviolet absorbance, 
the histograms show radioactivity. The peaks are: at 4 mm, D N A ; at 9 and 17 mm, 26 and  
18S r-RNA; at 50 mm t-R N A . The rad ioactivity peak a t 5 mm includes the D N A  and r-RNA  
precursor. The top panel shows total nucleic acid. The lower panel shows D N A , after removal 
of R N A by 10 jugml-1 pancreatic R N ase at 20 °C for 20 min. The dotted lines show delim itation  
of ultraviolet absorption peaks for measurement o f the weight o f R N A  on the gel ; the broken 
lines show the delim itation o f radioactivity peaks for estim ation of the incorporation of 
32P into r-RNA.
RNA gave rather variable yields of DNA, and the radioactive r-RNA precursor
(Rogers, Loening, and Fraser, 1970) on the gels obscured the DNA labelling.
However, by electrophoresis of a sample of nucleic acid treated  with RNase, the
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radioactivity of the DNA could be determined (Fig. 2). This was expressed as a 
specific activity  by dividing by the weight of DNA on the gel (calculated from the 
area of the DNA ultraviolet absorption peak). Thus errors arising from variation 
in DNA extraction were cancelled. This procedure was followed where it was 
im portant to  confirm a timing, such as the beginning of DNA synthesis for the 
first division (cf. Fig. 3).
Hours
F ig . 3. Changes in the rates o f r-RXA synthesis, D N A  synthesis, and 32P  uptake during cul­
ture. • — •  Incorporation o f 32P into r-RNA (ct/s/exp lant); ■ — ■  incorporation o f  32P 
into D N A  (ct/s/jug D N A ); O— O 32P  uptake. □ — □  per cent increase in cell number. D l ,  
D2, and D3 show the tim es of the first, second, and third divisions, identified as the tim es 
when ‘paii-s’, ‘fours’, and ‘eights’ respectively were increasing in the chromic acid macerates.
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The rate o f  r - R N A  sy n th es is
The rate of r-RNA synthesis was measured after various times of culture, by 
incubating explants with 32P  for a to ta l of 90 min, then determining the incorpora­
tion of 32P  into r-RNA.
In  the explants used, the lag period before the first division was 34 h. The first 
division lasted from 34-39 h, and the second division had commenced by 4oh 
(Fig. 3). From the results of Yeoman and Evans (1967) and Mitchell (1967), we 
calculated th a t DNA synthesis for the first division occurred between 20 and 35 h. 
The incorporation of 32P  into DNA, detected on polyacrylamide gels of RNase- 
treated total nucleic acid, commenced just after 20 h (Fig. 3).
r-RNA synthesis was very low for the first 14 h after excision (Fig. 3). Between 
14 and 20 h, i.e. before the onset of DNA synthesis, the rate  of r-RNA synthesis 
increased five-fold. During the first S phase, the rate  of r-RNA synthesis remained 
constant. At the end of the first division, the rate  increased again. Thereafter, the 
rate of r-RNA synthesis declined. Explants from older tubers, as these were, have 
only a limited capacity for growth and RNA accumulation when grown on com­
pletely defined medium.
Uptake of 32P  by the explants showed two rate maxima, a t the times of the first 
and second rises in the ra te  of incorporation of 32P  into r-RNA (Fig. 3). The rate  of 
uptake of 32P  declined during the first S  period. The basic similarity in shape of 
the curves for 32P  uptake and 32P  incorporation into r-RNA suggested the pos­
sibility th a t changes in the rate  of incorporation might reflect changes in uptake 
rather than  changes in the rate  of r-RNA synthesis. B ut when the incorporation 
data are replottecl on a per unit 32P  uptake basis (Fig. 4), the changes during culture 
were similar to those of simple incorporation (Fig. 3), w ith two periods during 
culture when the rate  increased. This suggests th a t the incorporation of 32P  into 
r-RNA is a meaningful measure of the rate  of r-RNA synthesis.
F ig . 4. Changes in the rate o f r-RNA synthesis, expressed as 32P  incorporation into r-RNA  
per unit 32P uptake, during culture ( • — • ) .  □ — □  Percentage increase in cell number. 
The data were calculated from those o f Fig. 3.
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A c c u m u la tio n  o f  r - B N A ,  t - R N A ,  a n d  'protein
T h e r - R N A  content o f  ex p la n ts  rem ain ed  s te a d y  for th e first 20 h , th en  increased 
sh a rp ly  b y  abou t 50 per cent (F ig . 5). T h is  increase occurred  sh o rtly  a fte r  th e  first 
increase in  th e ra te  o f  r -R N A  syn th esis, w h ich  w a s  m easured  on th e sam e cultures
F ig . 5. Changes in the weight o f r-RNA ( • — • )  and t-R N A  ( a — A) per explant w ith  tim e.
□ — □  Percentage increase in cell number. The data were obtained from the same cultures 
as those o f F igs 3 and 4. D l ,  D 2, and D3 indicate the tim es o f the first, second, and third 
divisions.
(Fig . 2). T h e r -R N A  content per e x p la n t rem ain ed  con stan t from  22-35 h, i.e. 
du ring th e first S  period, th en  in creased  stee p ly  betw een  35 an d  40 h. T h is second 
rise in  r -R N A  content coincided w ith  th e second in crease in  th e  ra te  o f  r -R N A  
syn th esis. A fte r  40 h, th e r -R N A  content o f  th e  ex p la n ts  in creased  v e ry  slow ly.
A lth ou gh  th e ra te  o f  r -R N A  syn th esis w as h igh  du ring the first S  period  (F ig . 3), 
v e r y  little  n et R N A  accu m ulation  occurred in  th is tim e (F ig . 5). T h is  suggests th at 
th e ra te  o f r -R N A  tu rn o ver m a y  be im p ortan t in  controlling tissu e r -R N A  content, 
and th a t  tu rn o ver ra te  m a y  v a r y  w ith  tim e o f  cu lture.
W e could detect no decrease in  th e ra te  o f  r -R N A  syn th esis  or accu m u lation  at 
the tim e o f  th e first d ivision , although it  is  now  w ell estab lish ed  th a t  contracted  
m ito tic chrom osom es do n ot serve  as tem p late s fo r  R N A  syn th esis  (D as, 1963; 
S ch a rff and R o b b in s, 1965). I t  is u n lik e ly  th a t  a n y  red u ction  in  th e  ra te  o f  r -R N A  
syn th esis in  th e in d iv id u a l cell w ou ld  be d etected  in  th e e x p la n t as a  w h ole : a 
sharp  increase in  r -R N A  syn th esis fo llow ed closely  a fte r  d iv ision , and the sy n ­
ch rony o f  d iv ision  is not com plete. E v a n s  (1967) ca lcu lated  th a t  chvision in  the
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individual cell takes 3 h, in the entire explant 6 h. These two factors could obscure 
a temporary decrease in the rate  of r-RNA synthesis.
The t-RNA content of explants remained constant for the first 35 h after excision, 









Fig. 6 . Changes w ith  tim e in total R N A  ( • — • )  ancl protein (A— A) contenté, and per­
centage increase in cell number (□ — □) for A. control explants grown in total darkness; 
B. explants grown in total darkness in medium containing 1 p.g m l-1 m itom ycin C; C. explants 
grown under 4 k lx m ixed tungsten and fluorescent light. D1 and D2 indicate the tim es of  
the first and second divisions.
Figure 6 shows changes in to ta l RNA and protein contents of explants which 
had a short lag period before the first division. The initial loss of RNA and protein 
was from cells cut or damaged during excision. RNA and protein contents then 
increased, remained constant during the la tte r part of S, then increased again a t 
the end of the first division. Thus the accumulation of protein, like RNA, occurred 
in two distinct periods. Changes in RNA contents in explants with a short lag 
period before division (Fig. 6) were similar to  those in explants with a long lag period 
(Fig. 5), with one exception: explants w ith the shorter lag period did not have the 
phase a t the s tart of culture during which no increase in RNA content occurred.
R N A  and  p ro te in  a ccu m u la tio n  in  n o n -d iv id in g  ex p la n ts
To test how m any of the changes recorded above were dependent on the simul­
taneous occurrence of DNA synthesis and cell division, we studied explants in 
which DNA synthesis and cell division had been prevented by various means.
DNA synthesis, cell division, and RNA accumulation all depended highly on the 
presence of 2,4-D (Table 1). In  contrast, protein accumulation was relatively indepen­
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dent of 2,4-D concentration; in the absence of 2,4-1), protein content increased 
by 80 per cent over 67 h of culture.
Growth of explants under high light intensity inhibits DNA synthesis and cell 
division (Table 2; Fraser et a l., 1967). Protein accumulation was not inhibited by 
high light intensity. RNA accumulation did occur, bu t was less than  in the dark- 
grown control explants (Fig. 6). I t  appeared th a t the first rise in RNA content 
occurred in the light, bu t th a t the second rise was completely inhibited.
T a b l e  1. In crea se  in  cell n u m b er  a n d  changes in  D N A ,  R N A ,  a n d  p ro te in  contents  
o f  ex p la n ts  grow n fo r  67 h i n  m e d iu m  w ith  d iffe ren t concen tra tions o f  2 ,4 -D
H ours of culture
0 07 07 07 07
2,4-D concentration (M) 0 IO“8 io-° IO“5
% Increase in  cell num ber 1 10 90 120
pg DNA/exp lan t 1-21“ 0-90 1-48 2-30 2-50
pg R N A /explant 5-6 5-4 7-5 13-7 14’2
pg protein /explant 25 44 48 54 57
“ The DNA, RNA, and protein  tim e O values include m ateria l in 
dam aged, surface cells which is lost w ith in  the first hour of culture 
(cf. Fig. 4).
T a b l e  2 . C hanges in  D N A  conten t a n d  increase in  cell n u m b er  o f  ex p la n ts  grow n  
u n d er d ifferen t ligh t in te n s itie s
H ours of culture pg  D N A /explant % Increase in cells
L ight in tensity  
Olx 0 1-2
07 2-4 110
4500 lx 67 1-3 30
The antibiotic mitomycin C inhibited DNA synthesis and cell division (Table 3). 
Neither RNA accumulation nor protein accumulation was inhibited (Fig. 6). Further­
more, explants grown in mitomycin C accumulated RNA in the same stepwise 
manner as control explants. I t  was not possible consistently to  demonstrate a 
stepwise accumulation of protein in mitomycin C or light-treated explants.
T a b l e  3. C hanges in  D N A  conten t a n d  increase in  cell n u m b er  o f  exp lan ts-g row n  
in  m e d h im  iv ith  va r io u s concen tra tions o f  m ito m y c in  C
H ours of culture pg D N A /explant %  Increase in cells
pg ml 1
m itom ycin C
0 0 1-0
0 57 3-9 385
1 57 11 15
5 57 0-9 0
20 57 0-9 0
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I t  would have been interesting to  look a t the patterns ofEN A  and protein accumu­
lation in explants in which division occurred, bu t asynchronously. Unfortunately, 
no experimental conditions are known which will asynchronize cell division. 
The synchrony of early cell division is inherent, not the result of any applied 
treatment or selection. I t  appears to be a consequence of placing similarly endowed 
cells simultaneously under conditions promoting cell division.
D IS C U S S IO N
Excision and culture of explants induced DNA synthesis, highly synchronous cell 
division (Fig. 1), and large increases in ENA and protein contents. The accumula­
tions of ENA and protein commenced immediately after excision in explants cut 
from fresh or young tubers (Fig. 6). In  contrast, when explants were taken from old 
tubers, a period of very low rate of r-ENA synthesis and little r-EN A  accumulation 
iollowed excision (Figs 3, 5). There was also an increase in the length of the lag 
period before division with explants from older tubers. As the tuber ages, cells 
become more committed to breakdown to support bud growth. Explants cut from 
tubers stored for 6 months had 30 per cent less ENA and protein than  those cut 
from newly harvested tubers, though they contained similar numbers of cells 
(Fraser, 1968). Thus explants from older tubers seem to require a period of m eta­
bolic readjustm ent before m ajor ENA synthesis can begin. To some extent the 
‘starting point’ for the process of de-differentiation induced by excision and culture 
can be selected by choosing appropriate tubers. This may facilitate the study of 
de-differentiation in this system.
During the first two divisions in  explants, the increase in metabolic activity was 
not continuous, bu t occurred in two distinct periods. In  these periods, the rate  of 
r-ENA synthesis (Fig. 3), r-EN A (Fig. 5) and to ta l ENA (Fig. 6) accumulation, 
protein accumulation (Fig. 6), and phosphate uptake (Fig. 3) all increased. DNA 
synthesis for the first (Fig. 3) and second divisions commenced during the first and 
second periods respectively. We have therefore shown th a t in the early growth of 
the explants, it  is not only cell division which is synchronous; other aspects of 
metabolism also change in a periodic manner. Evans (1967) and Mitchell (1969), 
using culture conditions under which about 35 per cent of cells divided, also found 
stepwise increases in to ta l ENA and protein contents.
Experiments with explants in which cell division and DNA synthesis were 
prevented showed th a t some aspects of early metabolism could occur largely 
independently. In  particular, the accumulation of protein was not dependent on a 
concomitant rise in the ENA content of the explant, i.e. on an increase in the 
number of ribosomes (Table 1). Both ENA and protein accumulation could occur in 
explants in which cell division and DNA synthesis had been inhibited (Fig. 6). 
Furthermore, the ENA accumulation pattern  remained stepwise in explants 
with inhibited DNA synthesis and cell division.
Changes in  the rates o f r - R N A  sy n th es is  and, a ccu m u la tio n
In  each of the two cell cycles studied, the rate  of r-ENA synthesis increased in a 
stepwise manner. This pattern  is superficially similar to  some reports of the pattern
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of r-RNA synthesis during the cell cycle in mammalian cells (Ivlevecz and Stubble­
field, 1967; Pfeiffer and Tolmach, 1968). In  m ammalian cells, the step in the rate  of 
r-RNA synthesis occurs during DNA synthesis, and may be caused by the doubling 
of the number of r-RNA genes. I t  is unlikely th a t  the num ber of r-RNA genes was 
the factor controlling the rate  of r-RNA synthesis in artichoke explants. The first 
increase in the rate  of r-RNA synthesis occurred before the beginning of DNA 
synthesis in the explant (Fig. 3). RNA accumulation was uninhibited and remained 
stepwise when DNA synthesis was inhibited by mitomycin C (Fig. 6). In  dividing 
explants, the rate  of r-RNA synthesis remained constant during S phase, when the 
r-RNA gene num ber would be expected to double. These results suggest th a t the 
rate  of r-RNA synthesis was controlled by the activity of genes, not their number. 
Also, the pattern  of changing rate of r-RNA synthesis cannot be related through 
gene-number effects to the cell cycle rhythm  in the tissue. W hat then was the cause 
of the stepwise pattern  of early RNA metabolism?
Circumstantial evidence favours the following in terp re ta tion : The first increase 
in r-RNA synthesis is stim ulated by factors related to  excision and damage to  the 
outer cells of the explant. W hen explants were grown without 2,4-D, a small rise 
in RNA content occurred a t the tim e of the first increase in control explants 
grown with 2,4-D. The size of this small rise in RNA was increased by adding 
homogenized explants to the medium (Fraser, 1968). Excision and surface damage 
are also known to stim ulate RNA synthesis in potato tuber tissue (Sampson and 
Laties, 1968). The second rise in RNA content seems entirely dependent on 2,4-D. 
The succession of the early, transitory, excision-related stimulus to RNA synthesis, 
and the later stimulation by 2,4-D, could produce a stepwise pattern  of development 
of metabolic activity and RNA synthesis.
The conclusion from this study is th a t much of early metabolism is synchronous; 
the synchrony of cell division is merely one manifestation of this. The pattern  of 
cell num ber increase alone might suggest th a t this system would be a good one to 
use in studies of events related to the cell cycle. This is not entirely the case, as we 
have shown th a t major early metabolic changes occur independently of cell division, 
and periodic changes need not be related tem porally to a cell cycle rhythm . Further, 
the first division, which is the most synchronous, m ust be considered unusual 
as it  includes a very extended G j. The main use of the system should be in the study 
of induction of cell division in previously non-dividing cells, and the resulting de­
differentiation. A later paper will discuss the synthesis of RNA necessary for the 
induction and continuance of cell division.
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A B S T R A C T
Explants of secondary xylem  parenchym a tissue from Jerusalem  artichoke tubers were 
induced to  undergo cell division an d  cle-differentiate by culture in n u trien t medium. The first 
division was inherently  synchronous. The system  was used to  s tudy  the involvem ent of 
messenger R N A  synthesis in  the  induction and  continuance of cell division in previously 
non-dividing cells.
The base analogue 5-fluorouracil (5-FU) inhibited  ribosom al R N A  synthesis and the proces­
sing of ribosomal R N A  precursor to  m atu re 25 S and 18 S RNAs. The synthesis of m essenger­
like RNAs (heterogeneous in  size, labelled to  a  high specific ac tiv ity  in a pulse incubation, and 
containing a polyadenylic acid sequence) was less inhibited  by 5-FU.
E xplants grown in 5-FU did no t synthesize DNA and did no t divide. A direct inhibition of 
DNA synthesis by 5-FU added late in culture was reversed by  thym idine. An indirect inhibition 
of DNA synthesis occurred when 5-FU was present from  the s ta r t  o f culture and was not 
reversed by thym idine. Because ribosomal R N A  synthesis is no t necessary for the induction 
of cell division (Fraser, 1975) and because 5-FU was incorporated into mRNA, probably 
interfering w ith its function, these results suggest th a t  5-FU inhibited the  m etabolism  of 
mRNA which was required for DNA synthesis and  cell division.
The tim ing of mRNA synthesis required for DNA synthesis and  cell division was investigated 
by adding 5-FU plus thym idine to  cultures a t  various tim es. B y the beginning of DNA syn ­
thesis for the  first division, explants were com petent, in term s of m RNA synthesized, to  
complete the  first division. Messenger R N A  synthesis occurring before the  end of the first 
division allowed explants to  undergo a t  least th ree more divisions.
IN T R O D U C T IO N
When explants of tissue from the quiescent tuber of Jerusalem  artichoke are 
cultured in nutrien t medium with the synthetic auxin 2,4-dichlorophenoxyacetic 
acid, vigorous cell division is induced (Yeoman, Dyer, and Robertson, 1965; 
Fraser, Loening, and Yeoman, 1967). By repeated divisions, the large, highly 
vacuolated storage parenchyma of the original explant de-differentiates to small, 
meristematic-type cells. Several features of this tissue culture system make it 
suitable for the study of the transition of cells from one developmental state to
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another. The tissue is h igh ly  un iform , consisting a lm ost en tire ly  o f one ty p e  o f  cell. 
In  cu lture, 80-90 p er cent o f  cells undergo d ivision  (F ra ser el a l., 1967). Th e first 
few  divisions are in h eren tly  synch ronous (Y eom an  an d  E v a n s , 1967). O ther 
asp ects o f m etabolism , such as ribosom al RNA (rRNA) syn th esis, p rote in  synthesis, 
and ph osph ate u p take  also change in a periodic m anner du ring cu lture (F ra ser and 
L oen in g , 1974).
Cell division in explants commences after a lag of between 20 and 60 h ; the dura­
tion of the lag period increases with length of storage of the tubers. Before cells 
divide, thej’ have to synthesize DNA. Mitchell (1967) has shown th a t DNA synthesis 
(S phase) for the first division is reproducibly around 12 h long. Variation in the 
to tal length of the pre-division lag period is a result of variation in the length of the 
Gl period, between excision and the beginning of S. G2, the period between the end 
of S and mitosis, is 0-2 li long.
RNA metabolism is likely to play a controlling role in the induction of DNA 
synthesis and cell division. The freshly excised explant contains both rRNA (Fraser 
and Loening, 1974) and polyadenylated, messenger-like RNA (Fraser, 1975). 
During the first few hours of culture, the predom inant types of RNA synthesized 
are messenger-like. A few hours before the beginning of DNA synthesis for division 
1, the rate of rRNA synthesis increases five-fold. E xplant content of rRNA has 
almost doubled by the time of the first division (Fraser and Loening, 1974). How­
ever, these increases in rRNA content and synthesis rate  are not required for the 
occurrence of the first division. Low levels of actinomycin D inhibit rRNA synthesis 
much more than mRNA synthesis in artichoke explants as in other tissues. Explants 
grown with low levels of actinomycin D do not synthesize rRNA but do complete 
the first division (Fraser, 1975).
T h is pap er reports stud ies on the requirem ent for m R N A  syn thesis fo r the 
induction and continuance o f  cell d ivision . T h e sim plest approach  to  th is problem  
w ould be to in h ibit all R N A  syn th esis and in ve stig a te  the effects on cell division . 
A ctin o m ycin  D  cannot be used for th is purpose, as even  h igh concentrations do not 
g ive  im m ediate inh ibition  o f m R N A  syn th esis (F raser, 1975). H igh  actin om ycin  D 
concentrations m a y  also in h ib it D N A  syn th esis d irec tly  (R eich  an d  G oldberg , 
1964).
The base analogue 5-FU was chosen as an alternative means of interfering with 
RNA metabolism. The incorporation of 5-FU into mRNA in bacteria interferes with 
mRNA function in protein synthesis (reviewed by Heidelberger, 1963; 1965) and 
5-FU is known to be incorporated into plant RNA (Key, 1966). The effects of 5-FU 
on cell division and DNA, RNA, and protein synthesis in artichoke explants were 
investigated. Use was made of the recent finding th a t many eukaryote mRNAs 
contain a polyadenylic acid sequence (Edmonds, Vaughan, and Nakazato, 1971 ; 
Higgins, Mercer, and Goodwin, 1973) to isolate an mRNA fraction for study. The 
results suggest th a t while 5-FU did not drastically inhibit mRNA synthesis, it 
inhibited DNA synthesis and cell division by interfering with the function of 
mRNAs required for these events. 5-FU was used to determine the times by which 
explants were competent, in terms of mRNA synthesized, to complete the following 
cell division.
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M A T E R IA L S  A N D  M E T H O D S
Culture conditions
Explants, 2-5 m m  long, 2 m m  diam eter, 9 m g fresh weight, and containing 20 000 cells, were 
removed aseptically from the secondary xylem  storage parenchym a tissue of Jerusalem  
artichoke (Helianthus tnberosus L. var. ‘B tm yard’s R o und’) tubers. T h irty  explants were 
cultured in 5-25 ml medium  containing salts (Bonner and A ddicott, 1907), 4 per cent (w/v) 
sucrose, and 10-5 M 2,4-dichlorophenoxyacetic acid. Cultures were grown in 90-mm-diam eter 
petri dishes, ag itated  a t  50 cycles m in-1 on a  reciprocating shaker with a 50 mm displacem ent. 
The explants were excised in  dim  green light, and cultured  in to ta l darkness a t 25 °C (Fraser 
et a!.. 1907). 5-FU and thym idine were dissolved in culture m edium  a t ten  tim es the  required 
final concentration, and one-tenth volume was added to  cultures th rough a Millipore filter.
Rad inactive incubations
[8-3H]adenine (10 Ci mol-1), [6-3H ]5-FU  (1 Ci m ol-1), and [32P]orthophosphate (84 Ci 
rug" 1 P) were obtained from  the  Radiochem ical Centre, Amersliam. [3H]aclcnine and  [3H ]5-FU  
were added directly to  cultures to  concentrations of 80 pCi m l-1. F or 32P  incubations, explants 
were transferred to  phosphate-free culture m edium  and labelled w ith 85 pGi m l-1 32P  for 
15 min. E xplan ts were then  returned  to  phosphate-containingnon-raclioactive culture m edium  
for a ‘chase’ of 75 min.
Measurement of D N A  synthesis
Fifteen explants labelled for 1 li w ith 2 pCi m l-1 [3H ]adenine were weighed, and then 
homogenized in 5 ml 5 per cent (w/v) trichloroacetic acid (TCA) a t  0 °C. The p recip ita te was 
washed three tim es w ith  5 per cent TCA and  th ree tim es w ith  80 per cent (v/v) ethanol con­
taining 0-2 M sodium acetate , pH  0-0. The precip ita te  was then  ex tracted  for 12 h w ith  5 ml
1 M KOH a t 37 °C to  hydrolyse RNA. Perchloric acid (PCA) was added to  reduce the pH  
to 2. and the precip itate was collected by centrifugation and washed tw ice w ith cold 5 per cent 
(v/v) PCA. DNA was then  ex tracted  into 2 ml 5 per cent (v/v) PCA for 45 m in a t 70 °C. Aliquots 
of the ex trac t were counted for rad ioactiv ity  in  bu ty l-P B D : to luene: m ethoxyethanol 
(0-5g: 60 m l: 40 ml) scintillator. A control experim ent showed th a t over 90 per cent o f the 
radioactivity n o t rendered soluble in PCA by K O H  extraction  was digestible by  DNase.
Extraction of nucleic acids
Nucleic acids were ex tracted  from  labelled explants by  a detergent-phenol procedure and 
further purified as explained earlier (Fraser and Loening, 1974). The to ta l yield of nucleic acid 
was m easured by  hydrolysing one te n th  of the product in  2 ml 5 per cent PCA a t  70 °C for 
20 min. The ultraviolet absorption spectrum  was m easured in  the SP 800 recording spectro­
photom eter and  R N A  concentration calculated from the absorbance a t 260 nm .
Fractionation of JAY.4 on oligo(dT)-cellulose 
E x trac ted  RN A  was fractionated  into poly  (A)-containing and non-poly(A)-containing 
fractions using the select ive binding a t  high salt concentration of polyadenylated R N A  to 
oligodeoxythymidylie acid-cellulose (Edm onds and  Caramela, 1969; Aviv and  Leder, 1972). 
Between 50 and 100 pg of to ta l nucleic acid were dissolved in  1 ml binding buffer (400 mM 
NaCl; 10 mM Tris-HCl, pH  7-8; 1 mM ED TA ; 0-1 per cent sodium  dodecyl sulphate) and 
shaken w ith 20 mg oligo(dT)-cellulose (Collaborative Research Inc., W altham , Mass, U.S.A.) 
for 30 min a t 20 CC. The cellulose was sedim ented at 12 000 g for 1 m in an d  w ashed four tim es 
with 0-5 ml portions of binding buffer. All binding buffer supernatan ts were combined and  the 
DNA and those RNAs lacking poly(A) were precip ita ted  by 2-5 vol. ethanol a t  0 °C. The 
cellulose was then  washed four tim es w ith 0-25 ml elution buffer (binding buffer m inus NaCl). 
Poly( A)-containing RNA was precipitated  from the combined elution buffer washes by addition  
of 50 pg non-radioactive artichoke carrier RNA, NaCl to  0-3 M, and  2-5 vol. ethanol.
Sucrose gradients
RNA (25-50 pg) was dissolved in 0-1 ml gradient buffer (50 mM Tris-HCl, pH  7-8; 150 mM 
NaCl; 1 mM ED TA : 0-5 per cent sodium dodecyl sulphate) and layered on to  a  5 ml linear 
gradient of 5-25 per cent (w/v) sucrose in gradient buffer. G radients were centrifuged for
2 h a t 50 000 rev. m in-1 (234 000 g a t  ?-av) at 25 °C, in the SW 50-1 ro tor of the Spinco Model L
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centrifuge. G radients were continuously m onitored for absorbance a t  2(H) nm  by upw ard 
displacem ent through a flow cell fitted  to  a  Joyce-Loebl Gel Scanner. Between 36 and 40 
fractions were collected, and R N A  was precip ita ted  by addition  of 200 f i g  bovine serum 
album in as carrier and 1 ml 10 per cent TCA. The precip ita ted  R N A  was collected b y  filtration 
on squares of W hatm an GF/A glass fibre paper and  washed th ree tim es w ith 5 ml cold 10 per 
cent TCA. The filters were dried, im m ersed in 5 ml 0-5 per cent butyl-PB D /toluene scintillator 
and  [3H ]radioactiv ity  was determ ined in a  liquid scintillation  counter.
Polyacrylamide gel electrophoresis
32P-labelled RN A  (20 f i g )  was fractionated  on a 2-4 per cent polyacrylam ide gel (Loening, 
1967) for 2 h a t 8 V cm -1 gel length. The gels were frozen and  sliced into 0-5-mm-thick slices, 
and rad ioactiv ity  in  each slice was determ ined in a  Beckm an Low beta counter. T otal radio­
ac tiv ity  associated w ith rRN A  precursor (Rogers, Loening, and  F raser, 1970), 25 S plus 18 S 
rRNAs, and polydisperse RN A  were determ ined from the  rad ioactiv ity  profile.
Total D N A , R N A , and protein contents
D eterm inations were perform ed in trip licate  on samples of ten  explants. Rem oval of con­
tam inan ts was by  the  m ethod of H oldgate and  Goodwin (1965). R N A  was m easured by 
extinction  a t  260 nm  after extraction  by the Schneider (1945) procedure, DNA by the diphenyl- 
am ine m ethod (Burton, 1956), and  protein  by the  m ethod of Lowry, Rosebrough, F arr, and 
R andall (1951). Full details of the  assay m ethods are given elsewhere (Fraser and Loening, 
1974).
Cell number
Five explants were m acerated for 24 h a t 20 °C in  2 ml 5 per cent (w/v) chromic acid (Brown 
and Rickless, 1949). This trea tm en t does not degrade the wall of the original cell; th u s cells 
arising from division of a single original cell of the explan t are found together w ithin the 
paren tal cell wall in  the m acerate. B y scoring a sample of m acerate for single cells, pairs (first 
division products), fours (second division products), etc., it was possible to  calculate the 
percentage increase in  cell num ber which had  occurred during culture. F u rthe r, the ab ility  to 
recognize products of particu lar divisions made it  possible to  determ ine accurately  the tim ing 
of each division, and  to  determ ine which divisions had  contributed to  th e  increase in cell 
num ber in the  explant.
D etailed descriptions of th e  counting m ethod and the p a tte rn  of cell divisions, together 
w ith evidence for th e  synchrony of the first division, are given in Fraser and Loening (1974).
Measurement of total R N A  synthesis
Nucleic acids were ex tracted  from  explants labelled w ith [8-3H ]adenine or [6-3H ]5-FU  by 
the detergent-phenol procedure (Fraser and Loening, 1974). R N A  synthesis was estim ated by 
the incorporation of [3H ]rad ioactiv ity  into TCA-insoluble m aterial. DNA was removed by 
DNase trea tm en t (Loening, 1967). R N A  was precip ita ted  from  the  ex tract by addition  of 
TCA to a final concentration of 10 per cent. The p recip ita te was collected by filtration on glass 
fibre paper and washed th ree tim es w ith cold 10 per cent TCA, and [3H )rad ioactiv ity  on the 
filter was determ ined as above.
R E S U L T S
E ffe c ts  o f  5 -F U  on R X A  syn th esis
Fig. 1 shows the effects of 5-FU on RNA synthesis in artichoke explants. Cultures, 
to which 5-FU had been added a t various times, were labelled with [32P]ortho- 
phosphate front 22-23-5 h after excision. The amount of 32P  taken up into the 
alcohol-soluble pool (Fraser and Loening. 1974) was similar in control and 5-FU- 
treated explants. Differences in the incorporation of 32P  into RNA species in 
control or 5-FU-treated explants are therefore likely to have arisen by different 
rates of RNA synthesis rather than  from different isotope uptake rates.
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F ig . 1. Incorporation of 32P into rRNA precursor (■ ------ ■ ), 25 S plus 18 S mature rRNA
(□------ □ ), and polydisperse R N A  (O 0) in artichoke explants labelled from 22-23-5 h.
1 mM 5-FU  was added to  cultures at various tim es before the start o f labelling. Results 
are expressed as percentages o f labelling in control explants to which no 5-FU  was added. 
Absolute am ounts o f 32P incorporation in control explants were (in 103 ct m in-1 per explant) 
rRNA precursor: 2-5; 18 S plus 25 S rRNA: 25; polydisperse R N A : 45.
18 S and 25 S rRNA labelling was immediately 40 per cent inhibited by 5-FU, 
and was almost eliminated by 5 h exposure to the drug. In  explants treated  with 
5-FU for 0 or 1 h prior to labelling, there was considerably more radioactivity in 
the rRNA precursor than  in control explants. This suggests th a t 5-FU inhibited the 
processing of precursor rRNA to m ature 18 S and 25 S molecules. A similar inhibition 
of rRNA precursor processing was shown in mammalian cells by Willen and 
Strenram (1967). In  the experiment shown in Fig. 1, rRNA precursor was labelled 
one tenth as much as m ature rRNAs in control explants. Thus, despite the accumu­
lation of labelled rRNA precursor in 5-FU-treated explants, the overall effect of 
5-FU on rRNA synthesis was an inhibition.
The synthesis of polydisperse, messenger-like RNA was least affected by 5-FU. 
Even after 22 h exposure, the synthesis of polydisperse RNA was 20 per cent of the 
control level.
The effects of 5-FU on mRNA synthesis were examined in more detail by labelling 
explants during the first 3 h of culture, when rRNA synthesis is low (Fraser and 
Loening, 1974) and the synthesis of messenger-like RNAs predominates (Fraser,
1975). RNA extracted from explants after radioactive incubation was separated 
into two fractions, one with and one without a polyadenylic acid sequence, using 
oligo(dT)-cellulose (Edmonds and Caramela, 1969; Aviv and Leder, 1972).
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F ig. 2. Sedim entation in sucrose density gradients o f labelled R N A  from artichoke tuber
explants.
Radioactivity (■ -------■ ): absorbance at 260 nm  (-------). a , c , and e  show polyadenylated
RN A  fractions prepared by oligo(dT)-cellulose binding, b , d , and r  show the non-poly(A)- 
containing R N A s which did not bind to oligo(dT)-cellulose at high salt concentration, a  and 
B: R N As from control explants labelled w ith [8-3H]adenine from 0 - 5 - 2 - 5  h. c and d : R N As 
from explants cultured w ith 1-0 mM o-FU  from 0  h and labelled w ith [8-3H]adenine from 
0 - 5 - 2 - 5  h. e  and F: R N A s from explants labelled w ith [6-3H ]5-FU  from 0 - 2  h. All counts 
are expressed per 1 0 0  f ig  total R N A  fractionated on oligo(dT)-cellulose. The positions of 
the 18 S and 2 5  S rRNA absorption peaks are shown by vertical lines in the lower panels.
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In  control exp lan ts  labelled  w ith  [3H ]aden in e from  0 -5-2-5  h, ab ou t 15  p er cent 
of the ra d io a c tiv ity  in corporated  into R N A  w as in the p o ly(A )-con ta in in g  R N A  
(Fig. 2 a ). T h is R N A  w as o f h igh  specific a c t iv ity , and sedim ented on a sucrose 
gradient to  g iv e  a  po lyd isp erse  d istribu tion  from  6 S  to  30 S , w ith  a  m ean around 
16 S. F ig . 2 b  show s th e  n on -poly(A )-con tain in g R N A s  synthesized  in control 
explants. R a d io a c t iv ity  peaks w ere associated  w ith  the optical d en sity  p eak s for 
transfer R N A  and I B S  and 25 >S rR N A s , b u t m ost o f  the incorporation  w a s  into 
polydisperse R N A  w ith  sed im entation  coefficients from  abou t 7 upw ard s.
W hen ex p la n ts  w ere grow n w ith  1 m M  5 -F U  from  0 h and labelled  w ith  [3H ]- 
aclenine from  0-5-2-5  h, th e  ra d io a c tiv ity  o f  the po ly(A )-con ta in in g R N A  w as 
60  per cent o f th a t  in  the control (F ig . 2c  and a ) .  T h e size d istribu tion  o f  th e p o ly(A )- 
containing R N A  w as the sam e in control and 5 -F U -tre a te d  exp lan ts. T h ere is som e 
evidence th a t  larg er po ly(A )-con ta in in g R N A s  m a y  be precursors o f  sm aller 
p o lyad en ylated  R N A s  in artich oke tissue (F raser, 19 7 5  and unpublished data). 
The resu lts o f  F ig . 2c suggest th a t  5 -F U  did  not in h ib it the processing o f large to 
sm all p o lyad en y lated  m olecules. T h is  is in  con trast to  th e  effects o f  5 -F U  on 
processing o f  the r R N A  precu rsor (Fig . 1 and W illen  and S tren ram , 1967).
The labelling o f  n on-poly(A ) R N A s  in 5 -F U -tre a te d  exp lan ts  (Fig . 2 d ) w a s also 
overall about 60 p er cent o f the control level (Fig . 2 b )  b u t th ere w ere m ajo r q u a lita ­
tive  differences in th e ty p e s  o f R N A  syn th esized  in control an d  treated  exp lan ts. 
Labelling o f  18  and 25 S  r R N A s  in  tre ate d  exp lan ts  w as b are ly  d etectab le, b u t the 
synthesis o f  the non -p o lyad en ylated  p o ly d is p e r .s e  R N A  w as prom inent. A  sharp 
peak o f ra d io a c tiv ity  w as presen t in the 4 S  region  in grad ien ts o f  R N A  from  5 -F U - 
treated exp lan ts. T h is low  m olecidar w eigh t com ponent ap p ears sim ilar to  an 
R N A  o f betw een 4 and 5 S  iso lated  from  5 -F U -tre ate d  T rich o d erm a  b y  G ressel and 
G alun (1966).
In  sum , th e d a ta  o f  F ig s  1 and 2 show  th a t 5 -F U  in h ib ited  r R N A  syn th esis m ost 
severely, b u t had  less effect on th e syn thesis o f  the p o lyad en y la te d  and non- 
po lyad en ylated  po lyd isperse R N A  fraction s. These tw o p o ly  disperse R N A  fractio n s 
had tw o features ch aracteristic  o f m essenger R N A s ; th e y  w ere labelled  to  a high 
specific a c t iv ity  in  a  pu lse incub ation , and w ere heterogeneous in  size. P o ly (A )- 
containing R N A  is know n to be associated  w ith  th e polyribosom es in p lan ts  (H iggins, 
Mercer, and G oodw in , 19 73). T h e po ly(A )-con tain in g R N A  described here p ro b ab ly  
included cyto p lasm ic m R N A . T h e role o f  th e n on-poly(A )-contain ing po lyd isperse 
R N A  is n ot clear. I t  m a y  h ave  included cytoplasm  ie m R N A , as exam ples are know n 
o f n on -p o lyad en ylated  po lyribosom al m R N A s  in other eu k aryo tes (A desn ik  and 
D arnell, 19 7 2 ; M cL au g h lin , W arn er, E d m on d s, N a k az a to , and V au g h an , 19 7 3 ; 
Fraser, 19 73).
These findings on th e effects o f 5 -F U  on R N A  syn th esis confirm  and exten d  the 
results o f  K e y  (1966), w ho found th a t  5 -F U  inh ibited  th e syn th esis o f r R N A  m ore 
than  th at o f  d R N A  (R N A  o f  D N A -lik e  base com position) in  soybean  h yp ocotvl.
Inco rp o ra tio n  o f  5 - F U  in to  R N A
R N A s  l a b e l le d  w h e n  e x p l a n t s  w e r e  i n c u b a t e d  w i t h  [3H ]5 -F U  f r o m  0 - 2  h  a r e  
s h o w n  in  F ig . 2 e  a n d  F. [3H ]5 -F U  w a s  in c o r p o r a t e d  in t o  t h e  p o l y a d e n y la t e d  R N A
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(Fig . 2 e ) .  T h e R N A  syn th esized  w as p o lyd isperse, from  6 to  30 S , and, like the 
[3H ]aden ine-labelled  R N A  o f control ex p la n ts  (F ig . 2 a ) ,  h ad  a  m ean sed im entation  
coefficient o f 16  S . A  h igh proportion  o f the [3H ]5-F U -la b e lle d  po ly(A )-con tain in g 
R N A  m olecules h ad  a sed im entation  coefficient v e ry  close to th e m ean.
[3H ]5 -F U  w as incorporated  into  the sh arp , low m olecular w eigh t R N A  p eak  in 
the non-poly(A ) fraction  (F ig . 2 f ), and also into tw o p eak s sedim enting ra th er 
slow er th an  the 18  and 25 S  r R N A  op tical d en sity  peaks. In  b acteria , r R N A  w hich 
contains 5 -F U  has been show n to form  incom plete ribosom al su b u n its ; th e r R N A  
is q u ick ly  degraded (Andoh and C hargaff, 1965). I t  is lik e ly  th a t  th e tw o ra d io a c tiv ity  
peaks in F ig . 2 f  w ere sim ilar degrad ation  p rod ucts o f  5-F U -co n ta in in g  rR N A . 
[3H ]5 -F U  also appeared  to be incorporated  into  th e non-poly(A ) p o lyd isperse R N A  
(Fig . 2 f ). K e y  (1966) found incorporation  o f  5 -F U  into  r R N A , t R N A , an d  d R N A  
in soybean  h yp ocoty ls.
5 -F U  a n d  D N A  syn th es is
5 -F U  in h ib its D N A  syn th esis d ire c tly ; som e 5 -F U  is con verted  in  th e cell to 
5 -flu orod eoxyu rid ylic  acid , w hich  inh ibits th e enzym e th y m id y la te  syn th etase , 
lead ing to  a  shortage o f th ym id y lic  acid , hence an  inh ib ition  o f  D N A  syn thesis. 
In  b acteria  and m am m alian  cells, the inh ibition  o f  D N A  syn th esis can be reversed  
b y  th ym id in e (Cheong, R ic h , and E id in o ff, 19 6 0 ; H orow itz , Sau kkon en , and 
C hargaff, 19 6 0 ; P a u l an d  H a g iw ara , 19 6 2 ; H eidelberger, 1963). T h e effects o f 
5 -F U  and th ym id in e on D N A  syn th esis in artich oke ex p la n ts  w ere in vestigated .
E x p la n ts  w ere grow n for 47 h (about the m iddle o f the first S  ph ase in  th e tissue 
used) before addition  o f 5 -F U  (0-1 mM) w ith  and w ith ou t th ym id in e (0-33 mM). 
T h is concentration  o f th ym id in e  w as chosen as it  is 100 tim es th e am ount of 
th ym id in e calcu lated  n ecessary  fo r D N A  syn th esis fo r d ivision  1 in  th e cu lture, but 
is  m uch low er th an  the concentration  o f th ym id in e used to in h ib it D N A  syn th esis 
in  th ym id in e-b lock  synch ron ization  o f m am m alian  cells (X eros, 19 6 2 ; R a o  and 
E n gelb erg , 1966).
E x p la n ts  w ere labelled  w ith  [3H ]aden ine from  49 -50  h, and in corporation  o f 
isotope into D N A  w as determ ined (Table 1 ). 5 -F U  alone in h ib ited  D N A  syn th esis 
b y  about 80 per cent. T h ym id in e alone had no effect. In  ex p la n ts  tre ate d  w ith  5 -F U  
plus th ym id in e, D N A  syn th esis w as sim ilar to  the leve l in  control exp lan ts. T h us, 
in artich oke exp lan ts, th ym id in e reverses the inh ibition  o f  D N A  syn th esis b y  5 -F U .
5 - F U  a n d  exp la n t grow th
5 -F U , w ith  and w ith ou t th ym id in e , w as added to  ex p lan ts  a t th e s ta r t  o f  cu lture, 
and changes in cell num ber and D N A , R N A , an d  protein  contents w ere fo llow ed 
(Fig . 3). 5 -F U  com pletely  in h ib ited  cell d ivision  and R N A  and D N A  accum ulation , 
and th ym id in e g a v e  no reversa l o f inh ibition  o f  a n y  param eter. P ro tein  accu m ula­
tion w as reduced to about 40 per cent o f the leve l in  control ex p la n ts  b y  5 -F U  w ith  
or w ith ou t th ym id in e.
The im p ortan t difference betw een the resu lts o f T ab le  1 and F ig . 3 is th at, in  the 
presence o f th ym id in e, 5 -F U  did  not in h ib it D N A  syn th esis w hen added in the 
m iddle o f S  phase (at 47 h in T a b le  1 ), b u t did  in h ib it D N A  syn th esis w hen present
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F ig. 3. Percentage increase in cell number (a ) ,  changes i n  explant content o f D N A  (b ) ,
RNA (c), and protein ( d ) during growth in control explants (■ ------ ■), and in explants
grown w ith  0-5 mM o-FU  ( a  A )  or 0-1 mM 5-FU  plus 0-33 m il  thym idine ( A  A ) .
T a b l e  1 .  In co rp o ra tio n  o f  [8-3H ]a d en in e  in to  D N A  in  artichoke tuber ex p la n ts
Various additions of 5-FU (0-1 mM) and thym idine (0-33 mM) were m ade to  cultures a t  47 h ; 
radioactive incubation was from  49-50 h.
T reatm ent [8-3H ]adenine incorporated into DNA 
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from  the s ta rt o f  culture. T h is  suggests th at, som etim e e a r ly  in  culture, th ere is 
5-FU -sen sitive  m etabolism  w h ich  is n ecessary  for D N A  syn th e sis ; the inh ib ition  
o f this process b y  5 -F U  is  n ot reversed  b y  th ym id in e . T h e tim in g  o f  th e 5 -F U - 
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F ig. 4. Changes in cell number (relative to base 100 at 0 h) in control explants (■-------■) and
explants grown with 0-33 mM thym idine (□ ------□ ), 0-1 mM 5-FU  ( A  A ) ,  or OH m il
5-FU  plus 0-33 mM thym idine ( A  A ) .
Thymidine and 5-FU were added to cultures at 0 h (a ) ,  23 h (b ) ,  31 h (c), or 45 h ( d ). 
Vertical arrows indicate the tim e of addition. The horizontal bars and figures 1 -4  indicate  
the tim es of the first to fourth cell divisions in control explants, determined by analysis o f 
chromic acid macerates o f explants for the appearance of characteristic division products 
(Fraser and Leoning, 1974). ‘S ’ shows the tim e of D N A  synthesis for division 1, calculated  













w ith  or w ithou t th ym id in e , to  cu ltures a fte r  v a rio u s  periods o f  grow th , and fo llow ing 
the effects on cell d ivision  (Fig . 4).
In  th e exp lan ts  used, the first d ivision  occurred betw een  40 an d  45 h  and the 
second from  55 to  70 h. D N A  syn thesis fo r the first d ivision  w as calcu lated  from  
the resu lts o f M itchell (1967) to  h ave  been from  28 -4 0  h.
A s in  F ig . 3, add ition  o f 5 -F U  a t the s ta r t  o f  cu lture com pletely  in h ib ited  cell 
d ivision. A bo u t 25 per cent o f  th e cells ev en tu a lly  d iv id ed  w hen th ym id in e w as 
added w ith  the 5 -F U , b u t the ra te  o f  d iv ision  w as v e ry  m uch less th an  in control 
exp lan ts. E x p la n ts  to  w h ich  th ym id in e alone w as added show ed th e  sam e ra te  o f 
cell d ivision  as control exp lan ts.
5 -F U  added alone a t  23 h, before th e  beginning o f  D N A  syn th esis, again  com ­
plete ly  inh ibited  cell d ivision. B u t  w hen th ym id in e w as added w ith  th e 5 -F U , the 
first d ivision  occurred fu lly , though a t a  slow er ra te  th an  in control ex p la n ts  (Fig . 
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thym idine-treatecl e x p la n ts, and b y  th e end o f th e experim en t a t  12 0  h ju s t  over 
h a lf o f the cells h ad  com pleted the second d ivision .
5 -F U  added a t  3 1  h, ju s t  a fte r  the onset o f S  ph ase, com pletely  in h ib ited  the first 
division. T h ym id in e add ed  together w ith  th e 5 -F U  perm itted  th e first d iv ision  to 
occur e x a c t ly  as in  control exp lan ts. H o w ever, th ereafter th e ra te  o f cell d iv ision  
was much low er th an  in  control e x p la n ts, and again  ju s t  over h a lf  the cells h ad  
com pleted the second d iv ision  b y  12 0  h.
A ddition  o f 5 -F U  a t  45 h, a t  the end o f the first d iv ision , p erm itted  a  little  second 
division before com plete inh ibition  o f  cell num ber increase. T h e presence o f th y ­
midine again  reduced th e ex te n t o f inh ibition  o f  cell d ivision  b y  5 - F U ; in  th is case 
cell num ber increased  a t  a lm ost the sam e ra te  as in  control exp lan ts, an d  b y  th e 
end o f the exp erim en t had risen  to five tim es the va lu e  a t th e tim e o f  add ition  o f 
5 -F U  and th ym id in e.
D IS C U S S IO N
5-F U  in h ib ited  th e syn th esis o f U N A  in  cu ltured  artich oke tu b er exp lan ts  (T able 1 
and F ig . 3). The d irect inh ibition  o f  U N A  syn th esis w as reversed  b y  th ym id in e 
when 5 -F U  an d  th ym id in e  w ere added during S  phase (T able 1 ) b ut n ot w hen 5 -F U  
and th ym id in e w ere added a t  th e s ta r t  o f  cu lture (F ig . 3). I t  is concluded th at 
5 -F U  added a t  the s ta r t  o f  cu lture in h ib ited  U N A  syn th esis in d irectly , b y  a ffecting 
some other process required  fo r th e occurrence o f U N A  syn th esis. T h is 5 -F U - 
sensitive process w as p ro b ab ly  R N A  m etabolism .
5 -F U  plus th ym id in e com pletely  in h ib ited  to ta l R N A  accu m ulation  (F ig . 3). 
H ow ever, it  is know n from  experim en ts w ith  low  leve ls o f  actin o m ycin  U  th a t a  
net increase in  r R N A  is not required  for th e occurrence o f  th e first d iv ision  (Fraser, 
1975). 5 -F U  did  n ot com pletely  in h ib it th e syn th esis o f those R N A s  w ith  m essenger­
like ch aracteristics (F igs 1  and 2 ), and protein  syn th esis w as n ot com pletely  
inhibited. H o w ever, a t  least som e o f the protein  syn th esized  m a y  h ave  resu lted  
from  tran sla tio n  o f m essenger-like R N A  w hich  is present in  fresh ly  excised  exp lan ts  
(Fraser, 1975).
There is considerable ev idence from  other organism s th a t  incorporation  o f  5 -F U  
into R N A  causes th e prod uction  o f  ab erran t proteins (Noano an d  G ros, 19 6 0 ; 
Cham pe and B en zer, 19 6 2 ; H ign ett, 1964), p ro b ab ly  b y  causing errors in  base- 
pairing a t either th e tran scrip tion a l or tran sla tio n al levels. N a k a d a  an d  M agasan ik  
(1964) w ere ab le  to  show  th a t th e  induction  o f  en zym ica lly  incom petent /3-galacto- 
sidase in E sch erich ia  coli in the presence o f 5 -F U  depended on th e incorporation  o f 
5 -F U  into  m R N A . F ig . 2 e  show s th a t  5 -F U  w as in corporated  into  th e po ly- 
adenylated , p o lyd isperse, m essenger-like R N A  o f  artich oke exp lan ts. I t  is th erefore 
suggested th a t  the inh ibition  o f  U N A  syn th esis and cell d iv ision  b y  5 -F U  plus 
thym idine, w hen supplied  a t  th e s ta r t  o f  cu lture, w as a  consequence o f  in terference 
w ith m R N A  fun ction  b y  in corporated  5 -F U , lead in g to  an  inh ibition  o f  protein  
synthesis n ecessary  fo r d ivision , or th e syn th esis o f  en zym ica lly  incom petent 
proteins.
On the b asis o f  th is m ode o f  action  o f  5 -F U , th e d a ta  o f  F ig . 4 m a y  be in terp reted  
to show the tim e a t  w hich  cells becom e com petent, in  term s o f m R N A  synthesized ,
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to com plete the fo llow ing d ivision . "Die term  ‘tran sitio n  p o in t’ (M itchison, 19 7 1)  
w ill be used for the tim e a t  w hich  com petence is a tta in ed .
T h e failu re o f 5 -F U  plus th ym id in e  added ea rly  in  the first S  ph ase to in h ibit 
th e first d ivision  show s th a t  a ll m R N A s  required  for D N A  syn th esis and cell 
d ivision  had been synthesized  b y  e a rly  in S  ph ase (Fig . 4c). T h e com plete, though 
con sid erab ly  d e layed , first d ivision  resu ltin g  w hen 5 -F U  p lu s th ym id in e w as added 
before the beginning o f S (F ig . 4 b ) fu rth er show s th a t m uch o f th e required  m R N A  
syn th esis h ad  occurred b y  la te  G l .  These d a ta  th erefore estab lish  an m R N A  
tran sitio n  poin t for th e first d ivision  a t  close to  th e s ta rt o f  S  phase. E xp erim e n ts  
w ith  m am m alian  cells h ave  show n th e existence o f  tw o R N A  tran sitio n  po in ts, one 
in G l  for D N A  syn th esis (B aserga, E sten sen , an d  P etersen , 19 6 5 ; F ra n k fu rt , 1968) 
and a  second in G 2 fo r cell d ivision  (K ish im oto  and L ieb erm an , 19 6 4 ; B u c k , 
G ranger, and H ollan d , 19 6 7 ; D o id a  and Okacla, 1969). T h e occurrence o f the 
m R N A  tran sition  poin t fo r cell d ivision  in la te  G l — e arly  S  in  artich oke cells, 
ra th e r th an  in G 2 as in m am m alian  cells, m a y  be connected w ith  th e co m p arative ly  
b r ie f G 2 in  artichoke cells undergoing th e first d ivision  (M itchell, 1967). In  m am ­
m alian  cells, G 2 occupies a m uch larg er proportion  o f  th e  cell cyc le  (review ed b y  
M itch ison , 197.1).
In  th is stu d y , th e question o f w h eth er an m R N A  tran sition  poin t for D N A  
syn th esis w as located  before or w ith  th a t  fo r cell d ivision  w as n ot in vestigated  
d irectly . A n  m R N A  tran sition  point fo r D N A  syn th esis m u st e x is t  som ew here in 
G l ,  as cells to  w hich  5 -F U  plus th ym id in e w as add ed  a t 0 h  com pletely  fa iled  to 
synthesize D N A  (Fig . 3). H arlan d , Ja c k so n , and Y eo m a n  (19 73) found th a t the 
a ctiv itie s  o f three enzym es required  for D N A  syn th esis a ll increased  a t  th e s ta r t  o f 
S  phase. The sim plest in terp retatio n  o f these resu lts is th a t  m R N A  syn th esis for 
these enzym es occurs in th e im m ed iate ly  p re-S  period , suggesting an m R N A  
tran sition  point for D N A  syn th esis close to  th a t  for cell d ivision .
In  the exp lan ts  to  w hich 5 -F U  plus th ym id in e w as added in  la te  G l  or e a rly  S, 
th e second division  w as v e ry  m uch slow er th an  in control cells. T im s th e com ­
petence acquired b y  cells in  e a r ly  S  to  com plete d ivision  1 does not ex ten d  to 
allow  a  norm al second division . T h is could arise in  tw o w a ys . F ir s t ly , th e am ounts 
o f m R N A  and enzym es per cell are  n ecessarily  h a lved  b y  th e occurrence o f the first 
d ivision . Secon d ly, m R N A s  and enzym es rnay be u n stab le ; those synthesized  
before the first d ivision  m a y  h ave  been la rg e ly  degraded b y  th e tim e th e y  are 
required  for th e second division . T h ere is d irect exp erim en tal evidence fo r th is 
second p o ssib ility . H a rla n d  et al. ( 19 73) found th a t the a c t iv ity  per e x p la n t o f 
th ym id in e k in ase rose during m ost o f the first S  ph ase, th en  declined. T h e a c t iv ity  
per cell o f th ym id in e k in ase fell before and du ring the first d iv ision  to  th e sam e low 
level w hich is found in  fresh ly  excised  exp lan ts.
W hen 5 -F U  and th ym id in e w ere added a t  the end o f  th e first d ivision  (F ig . 4 d ), 
the cells w ere able to com plete not on ly  the second d ivision  b u t a t  least the th ird  
and fourth  as w ell. The to ta l ra te  o f cell d ivision  w as little  less th an  in the control. 
T here are tw o possible exp lan atio n s fo r th e exten d ed  ca p a c ity  o f  ex p lan ts  to 
undergo cell division  a fter addition  o f  5 -F U  and th ym id in e a t  the end o f  th e first 
division . The tissue m a y  h ave  becom e re sista n t in  som e w a y  to  5 -F U . T h is is
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unlikely, as 5 -F U  add ed to ex p lan ts  a t  48 li in h ib ited  R N A  syn th esis as m uch as 
o-FU  added a t  0 h , and [3H ]5 -F U  w as in corporated  into  R N A  a t  48 h (Table 2 ). 
Furtherm ore, a n alysis  on sucrose grad ien ts o f  R N A  labelled  from  48-5-50 -5  h 
after addition o f 5 -F U  a t  48 h show ed ra d io a c tiv ity  profiles sim ilar to  those show n 
in F ig . 2 fo r R N A  labelled  during the first 2-5 h o f cu lture. R N A  labelled  b y  [3H ]5 -F U  
at 48 h w as sim ilar to th a t  labelled  from  0 -2  h (Fig . 2).
T a b l e  2 . In co rp o ra tio n  o f  [8-3H ]a d en in e  a n d  [6-3H ] 5 - F U  in to  R N A  in  artichoke  
tuber ex p la n ts
Various additions of 5-FU (1 raM) and thym idine (0-33 mM) were m ade to  cultures a t 
0 or 48 h.
Isotope Labelling; period
(h)
T reatm ent [3H] rad ioactiv ity  
incorporated into RNA 
(ct m in-1 pg_1 RNA)
[8-3H]adenine 0-5-2-5 Control 5160
0-5-2-5 5-FLT and  thym idine
added a t  0 h 2580
48-5-50-5 Control 14 800
48-5-50-5 5-FU an d  thym idine
added a t  48 h 5790
[6-3H]5-FU 0-2 348
48-5-50-5 771
The a lte rn ative  exp lan atio n  is th a t  the re le van t m R N A s  and proteins syn th esized  
before addition  o f  5 -F U  and th ym id in e a t  the end o f  the first d ivision  m a y  h ave  
been su fficiently  stab le  to su pport a t  least th ree fu rth er d ivisions in  the exp lan t.
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M essenger and ribosom al R N A  metabolism was studied in a plant tissue culture system: 
cells from  the quiescent tubers o f  H elianthus tuberosus (Jerusalem  artichoke) were induced to divide 
synchronously and dedifferentiate by excision and culture o f explants in nutrient medium. Large 
accum ulations o f ribosom al R N A  and protein started early in the 20-h lag-period preceding the 
first division.
In pulse-labelling experiments, two types o f  polydisperse messenger-like R N A s  were detected, 
one with and one without a poly(adenylic acid) sequence. In the first 2 h o f  culture the two poly­
disperse R N A  fractions were the predom inant types o f R N A  synthesised. R ibosom al R N A  
synthesis was very low during the first 2 h, but accelerated later.
Low  concentrations o f actinom ycin-D strongly inhibited ribosom al R N A  synthesis, but had 
little effect on the synthesis o f transfer R N A  or either type o f polydisperse messenger-like R N A . 
In explants cultured with low concentrations o f actinom ycin-D  ribosom al R N A  accum ulation was 
com pletely inhibited, but cell division and protein accum ulation occurred, though at a reduced 
rate. It is concluded that the synthesis and accum ulation o f new ribosom al R N A  which norm ally 
occur during culture are not required for the induction o f  cell division or for protein accum ulation,
i.e. the ribosom al R N A  existing in the quiescent tuber cells can support protein accum ulation 
and cell division induced by excision and culture.
The quiescent tuber tissue is also shown to contain significant am ounts o f  messenger-like R N A .
In nature the storage parenchym a cells o f  the 
nature Jerusalem  artichoke tuber do not divide, but 
are quiescent from autumn to spring, when the tuber 
breaks down to support the growth o f the developing 
buds. However, when explants o f the tuber tissue 
are cultured in nutrient medium, vigorous cell division 
is induced after a 20-h lag-period [1], The early cell 
divisions are inherently highly synchronous [2 ], the 
response o f the explants is highly consistent from 
experiment to experiment and alm ost all the cells o f 
the explants divide [3], Repeated cell division, in the 
virtual absence o f cell expansion, leads to a tissue o f 
small, meristem atic-type cells [1], Before and during 
the early divisions the rate o f rR N A  synthesis increa-
Abbreviations. Poly(A), poly(adenylic acid); poly(A)+- 
RNA, R N A  containing a poly(adenylic acid) sequence; 
poly(A)“ R N A , R N A  not containing a poly(adenylic acid) 
sequence; poly(U), poly(uridylic acid); oligo(dT), oligo(thy- 
midylic acid).
ses, and large accum ulations o f  rR N A  and protein 
occur. These changes are not continuous but, like 
cell division, occur in a stepwise or synchronous 
manner [4], This culture system provides an opportun­
ity to study the role o f R N A  synthesis in a situation 
sim ilar to oncogenesis, where non-dividing specialised 
cells are induced to divide and dedifferentiate. This 
paper reports studies on m R N A  and rR N A  m etabol­
ism during the early part o f culture.
It is highly likely that m R N A  metabolism plays 
a significant part in the control o f  activation o f  the 
tissue following excision, and in the developmental 
transition o f cells from  the non-dividing, differentiated 
state to the dividing, dedifferentiated state. The 
quiescent tuber tissue is shown to contain appreciable 
am ounts o f messenger-like R N A . In the period o f 
culture immediately after excision, messenger-like 
R N A  was found to be the predominant species 
synthesised. Tw o types o f polydisperse, messenger­
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like R N A  are described, one with and one without 
a poly(A) sequence.
The quiescent tuber cells also contained rR N A  
[4], 1 investigated whether this existing rR N A  could 
support the accum ulation o f protein and cell division, 
or whether the large amounts o f new rR N A  syn­
thesised during early culture [4] were required for the 
acceleration o f protein synthesis and the induction 
o f  cell division. These possibilities were tested using 
the D N A -binding antibiotic actinom ycin-D. Low  
concentrations o f actinom ycin-D have been shown 
selectively to inhibit rR N A  synthesis in mammalian 
cells, while not inhibiting m R N A  synthesis [5 — 7], 
This paper shows a similar selective effect o f  low 
concentrations o f actinom ycin-D  in plant cells.
M A T E R IA L S  A N D  M E T H O D S 
Tissue C ulture
The prim ary explants o f Jerusalem  artichoke 
(H elianthus tuberosus  L. var. Bunyard ’s Round) tuber 
tissue were 9 mg fresh weight, 2.5 mm long and 2 mm 
diameter, and contained 20000 cells o f which 99%  
were secondary xylem parenchyma. The liquid culture 
medium contained 4 %  sucrose, salts [8] and 10 pM 
2.4-dichlorophenoxyacetic acid. Explants were cultur­
ed in groups o f 30. in 5.25 ml medium, in a 90-mm di­
ameter petri dish, in total darkness. Cultures were 
agitated on a reciprocating shaker with a 50-mm 
displacement operating at 50 cycles/min (0.83 Hz). 
Culture was carried out under fully sterile conditions. 
No bacterial growth was detectable when samples 
o f cultures were plated out on nutrient agar. Other 
details o f the culture system have been published 
previously [ 1 ,3 ,4 ],
Percentage increase in cell number was estimated 
from samples o f 5 explants macerated for 24 h in 
2 ml 5 %  chronic acid. The method used to estimate 
cell number was based on the finding that the cell 
walls o f the original cells o f the explant do not degrade 
during maceration. Thus the first division leads to 
the appearance o f cell pairs, i.e. two daughter cells 
within the parent cell w all; similarly cell fours appear 
in the macerate when an original cell has divided 
twice. Details o f how percentage increases in cell- 
number data were derived from the macerates, and 
experimental and statistical verification o f the reliabil­
ity o f the counting technique are published else­
where [4],
It was possible by this method to recognise un­
equivocally the timings o f the first and second divi­
sions. and to determine how an increase in cell number 
had occurred. For example, it was possible to distin­
guish between an increase caused by a large number
o f cells dividing once, or a small proportion o f cells 
dividing repeatedly.
Total R N A  content was measured from the ultra­
violet absorption spectrum o f  extracted R N A  [9] 
after washing the explants [ 10 ] to remove ultraviolet- 
absorbing contam inants. The ultraviolet absorption 
spectra showed little sign o f contam ination, with 
26 0 :2 35  nm absorption ratios o f  over 2 : 1 .
Protein content was measured by the method o f 
Low ry et al. [ 1 1 ] , Each total R N A  or protein deter­
mination was perform ed on a sample o f 10 explants. 
Experim ental points quoted in this paper are means 
o f 3 to 8 determ inations on samples from replicate 
cultures. Fuller details o f the methods o f  estimating 
total R N A  and protein contents are published else­
where [4],
Actinom ycin-D  was dissolved in water at 10 —50 
times the required final concentration and added 
aseptically to cultures through a 0.22-pm M illipore 
filter.
U ptake and Incorporation o f  [ 5 *  H ]  Uridine
Explants were incubated with 20 pCi/ml [5-3H]- 
uridine (Radiochem ical Centre, Am ersham , U .K .; 
specific activity 25 Ci/m m ol) for 2-h periods. G roups 
o f  ten explants were lightly blotted and their fresh 
weight was measured.
F o r isotope uptake measurement explants were 
rinsed with ice-cold culture medium, then extracted 
with 1 ml 0.5 N perchloric acid at 70 °C  for 30 min. 
10-pl samples o f the extract were dried on 15-m m  
squares o f W hatm an G F /A  glass-fibre paper and 
counted in 5 ml 0 .5 %  (w/v) 2-(4'-tert-butylphenyl-5- 
(4 "-b ip h en yly l)-l,3 ,4 -oxad iazo le  (butyl-PBD ) — 
toluene scintillator.
F or measurement o f  the incorporation o f isotope 
into R N A , explants were washed in chilled culture 
medium and homogenised at 0 °C  in 5 ml 5 %  tri­
chloroacetic acid, using a m otor-driven teflon-in-glass 
homogeniser. The precipitate was collected by filtra­
tion on W hatm an G F /A  paper, washed three times 
with 5 %  trichloroacetic acid and twice with 80%  
(v/v) ethanol containing 0.1 M N aC l, dried and 
counted as above.
U ptake and incorporation o f  uridine were ex­
pressed per mg fresh weight o f tissue.
Labelling  and  E xtraction  o f  R N A
Explants were incubated with 100 pCi/'ml [5-3H ]- 
uridine for 2-h periods. G roups o f 50 explants were 
homogenised in 5 ml 2 %  (w/v) sodium triisopropyl- 
naphthalene sulphonate, 50 m M  Tris-H C l pH 7.8, 
10 mM N aC l, at 20 C , in a motor-driven teflon-in-
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glass homogeniser. The hom ogenate was emulsified 
with an equal volum e o f phenol containing 2 0 % (v/v) 
m-cresol [1 2 ], 2 0 % (v/v) chloroform  and 0 .5%  (w/v) 
8-hydroxyquinoline for 5 min, then centrifuged for 
5 min at 2000 x g .  The aqueous phase was further de- 
proteinised, nucleic acids were precipitated by ethanol 
and then purified by successive reprecipitations as 
described previously [13].
The total R N  A  content o f the extract was estimated 
from the ultraviolet absorption spectrum o f a sample 
hydrolysed in 0.5 N perchloric acid at 70 °C  for 
20 min. The value o f absorption at 260 nm was con­
verted to a figure for pg R N A /m l using a molar 
absorption value o f  12400  M - 1  x c ir D 1 , calculated 
for a solution o f equal m olar quantities o f  the four 
ribonucleotides at acid pH.
Isolation o f  P o ly (A )-C o n ta in in g  R N A
10 0 — 150  pg o f  total R N A  was dissolved in 1 ml 
binding buffer (400 mM N aC l, 10 mM Tris-H C l 
pH 7.8. 1 mM E D T A , 0 .2%  sodium dodecylsulphate) 
and shaken gently with 20 mg oligo(dT)-cellulose 
[14 ,15 ]  [Collaborative Research Inc., W altham, M ass., 
U .S .A .; binding capacity 42.8 A 260 units o f poly(A)/g] 
for 30 min at 20 C . The cellulose was sedimented at 
12 0 0 0 x g  for 2 min, then washed four times with 
0.5-ml aliquots o f binding buffer. The supernatants 
were com bined and the “ p o ly (A )“ R N A "  fraction 
precipitated from them with 2.5 volumes o f ethanol.
The cellulose was then washed four times with 
0.5 ml elution buffer (binding buffer m inus N aC l) 
at 20 C. The “ poly(A ) + R N A "  fraction was precip­
itated with alcohol from the combined supernatants 
after addition o f 50 pg non-radioactive artichoke 
carrier R N A  and N aC l to 0.3 M.
Sucrose D ensity  G radient Fractionation o f  R N A
50-pg sam ples o f R N A , dissolved in 100 pi gradient 
buffer ( 15 0 m M  N aC l. 50 mM Tris-H C l pH 7.8, 
1 mM E D T A , 0 .5 %  sodium dodecylsulphate) were 
layered on to 5-ml gradients o f 5 —2 5 %  (w/v) sucrose 
in gradient buffer. The gradients were centrifuged 
for 2.5 h at 50000 rev./min (gav 234000) in a Spinco 
SW 50.1 rotor, at 20 °C  or 25 °C .
A bsorbance at 265 nm was monitored by displacing 
the gradients by heavy sucrose solution through a flow 
cell in a Joye-L oeb l scanner. 36 12-drop fractions 
were collected. R N A  was hydrolysed by adding
0.2 ml 0.5 N perchloric acid to each fraction and 
incubating at 70 C  for 20 min. Fractions were then 
mixed with 9 ml scintillator, i.e. 0.5 % (w/v) 2-(4'-tert- 
butylphenyl-5-(4"-biphenylyl)-1 ,3,4-oxad iazole; 40 % 
(v/v) 2-m ethoxyethanol; 60°,, (v/v) toluene and count­
ed.
Non-radioactive R N A s  containing poly(A) se­
quences were detected and assayed by hybridisation 
with [3H ]poly(U ) followed by sucrose density gradient 
centrifugation, as described elsewhere [16]. [3H]- 
poly(U ) was purchased from M iles Laboratories.
R E S U L T S
Syn thesis  o f  P olydisperse R N A  and  rR N A  
during the Early H ours o f  C ulture
Poly(adenylic acid) sequences have been found 
in the m R N A s o f a wide variety o f  eukaryotes, in­
cluding mammals [ 1 5 , 1 7 — 19], yeasts [20 ,21] and 
higher plants [22,23], M ethods have been developed 
for the isolation o f  poly(A)-containing R N A  from 
total R N A , based on hybridisation o f  the poly(A) 
region to immobilised com plem entary hom opoly­
nucleotide. Radioactive artichoke R N A  was separated 
into poly(A)-containing R N A  [poly(A) + R N A ] and 
non-poly(A)-containing R N A  [poly(A )“ R N A ] using 
the selective binding o f poly(A ) + R N A  to oligo(dT)- 
cellulose at high salt concentration [ 14 ,15 ] .
Hepburn (unpublished results) has shown that the 
fraction o f artichoke R N A  which binds to oligo(dT)- 
cellulose at high salt concentration contains a poly­
nucleotide sequence with very high A  content, resistant 
to degradation by pancreatic or T , R N ase, and with 
a length o f  about 150 nucleotide residues. The R N A  
which does not bind to oligo(dT)-cellulose does not 
contain such an A-rich sequence.
The p o ly(A )+ and p o ly (A )~ R N A  fractions pre­
pared from  total artichoke radioactive R N A  are 
shown in F ig. 1 and 2. In explants incubated with 
[5-3H]uridine for the first 2 h o f culture the radio­
active p o ly(A )+ R N A  had a polydisperse distribution 
when fractionated on a sucrose gradient (Fig. 1 B). 
The mean sedimentation coefficient was about 18 S, 
the range was from  6 S to over 30 S. The poly(A ) + - 
R N A  synthesised from 3 —5 h had a sim ilar lower 
limit o f  size, but was on average slightly smaller, 
with a mean size o f 16 S (Fig. 2B ).
The p o ly (A )~ R N A  synthesised in explants from 
3 to 5 h is shown in F ig. 2 A . There is clear labelling 
o f 18-S  and 25-S rR N A s  and tR N A , but also a high 
background o f polydisperse labelled R N A , ranging 
in size from  about 7 S to over 30 S. In tissue labelled 
from 0 — 2 h, rR N A  synthesis was much less marked, 
and the predom inant form s o f  p o ly(A )_ R N A  syn­
thesized were tR N A  and the 7 —30-S polydisperse 
fraction.
Control experiments showed that the polydisperse 
R N A  in the p o ly(A )-  R N A  fraction was not poly(A) + - 
R N A  which had failed to bind to the oligo(dT)-
Detection and Assay o f  Poly(A )-C ontaining RN A
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Fig. 1. Sucro.se d e n s ity  g ra d ie n t se d im e n ta tio n  o f  a r tic h o k e
tuher R N A  la b e lled  fro m  0 — 2  h o f  cu ltu re . ( • -------• )  [3H]-
Radioactivity; all values were corrected for the amount of 
total R N A  applied to the oligo(dT)-cellulose, and are ex­
pressed per 100 pg total R N A . (A) Poly(A)“ RN A  and (B) 
poly(A) + R N A  from control explants. (C) poly(A)- RN A
and (D) poly(A) + R N A  from explants treated with 25 gg/ml 
actinomycin-D. The broken lines in (B) and (C) show the 
profile o f radioactivity in (D) redrawn to permit size compari­
sons. The positions o f the 25-S and 18-S ribosomal RN A  
ultraviolet absorbance peaks are shown
cellulose. When the poly(A )“ R N A  fraction was 
reprocessed with a fresh batch o f oligo(dT)-cellulose, 
the radioactivity binding to the cellulose at high salt 
concentrations was only 10 — 15 o f the radioactivity 
o f the original po ly(A )+ R N A  fraction. Conversely, 
the polydisperse poly(A) + R N A  fraction did not 
appear to be significantly contaminated by p o ly(A )- - 
R N A . When p o ly(A )+ fractions were reprocessed 
with fresh oligo(dT)-cellulose. 9 5— 100",, o f the radio­
activity again bound to the cellulose at high salt con­
centration. These results confirm that oligo(dT)- 
cellulose separated artichoke R N A  into poly(A) + 
and po ly(A ) fractions, and show that there was 
little or no contamination o f one fraction by the other. 
Finally, the total radioactivity recovered from the 
cellulose was about 95",, o f the radioactivity applied.
Table 1. E ffe c ts  o f  various co n cen tra tio n s  o f  a c tin o m y c in -D . 
a d d e d  a t the  s ta r t  o f  c u ltu re , on u p ta k e  a n d  inco rp o ra tio n  o f  
[5 -  H J u r id in e  b y  a r t ic h o k e  tu b er  e x p la n ts  d u rin g  2-h  p u lse  
in cu b a tio n s s ta r te d  a fte r  0  or 3 h  o f  cu ltu re  
Data are expressed as percentages of values in control explants 
grown without actinomycin-D. Absolute control values were 
(counts x min” 1 x mg fresh weight- 1 ): 0 — 2 h, uptake 1570. 






h % of control
0 - 2 uridine uptake 157 122 106
incorporation 76 33 31
3 - 5 uridine uptake 110 — 33
incorporation 40 — 3
A ctinoniycin-D  and R N A  Synthesis
Table 1 shows that actinom ycin-D inhibited R N A  
synthesis in cultured explants. The extent o f  inhibition
increased with increasing actinom ycin-D  concentra­
tion and with increased time o f exposure to the drug. 
The inhibition o f [5-3H]uridine incorporation ob-
Eur. J. Biochem. 5 0  (1975)




D ista n c e  from  rotor cen tre  (m m )
Fig. 2. S u c ro se  d e n s ity  g ra d ie n t se d im e n ta tio n  o f  a r tic h o k e  
tuber e x p la n t R N A  la b e lled  f r o m  th e  3 rd  to 5 tli It o f  cu ltu re .
(•- - • )  [3Fl]Radioactivity, expressed per 100 pg total
R N A  fractionated on oligo(dT)-cellulose. Continuous line:
absorbance at 265 nm. (A) Poly(A )~RN A  and (B) poly(A)+- 
R N A  from control expiants; (C) poly(A)“ R N A  and (D) 
poly(A)+ R N A  from explants treated with 5 pg/ml actino- 
mycin-D from the start o f culture
served was a result o f a genuine inhibition o f R N A  
synthesis rather than an inhibition o f isotope uptake: 
low concentrations o f actinom ycin-D , or high con­
centrations for short periods, actually stimulated the 
uptake o f uridine. Very sim ilar effects o f actinomy- 
cin-D on R N A  synthesis were found using [8-3H]- 
guanosine as label, but actinom ycin did not signif­
icantly stimulate the uptake o f guanosine.
Fig. 2 shows the effects o f  5 pg/ml actinom ycin-D 
on the synthesis o f particular types o f R N A  between 
3 and 5 h after the start o f  culture. The synthesis o f 
poly(A) + R N A  was very little inhibited by actino- 
m ycin-D (Fig. 2D ). O f the p o ly(A )” R N A s  (Fig. 2C ), 
the syntheses o f tR N A  and the polydisperse R N A  
were not inhibited, but the synthesis o f rR N A  was 
strongly inhibited. The radioactivity o f the 25-S rR N A  
in actinom ycin-D-treated explants was only 20 %  o f 
that in the control (Fig. 2 A ). 18-S rR N A  radioactivity 
was also very reduced by actinom ycin-D, but it is 
less easy to com pare the 18-S radioactivities because 
o f the high background o f polydisperse radioactivity 
which has a mean around 18 S.
When tissue was exposed to a higher level o f actino- 
m ycin-D (25 pg/ml) and labelled from 0 — 2 h, the 
synthesis o f rR N A  was very strongly inhibited 
(Fig. 1C ) . In the poly(A )~ fraction only tR N A  and 
polydisperse R N A  were labelled, though the synthesis 
o f both was inhibited by about 50 %  (Fig. 1C ) . The 
synthesis o f  poly(A) + R N A  was also inhibited by 
about 50%  (Fig. ID ) . The poly(A ) + R N A  labelled 
in the presence o f  25 pg/ml actinom ycin-D  (Fig. 1 D) 
was significantly sm aller in mean size than that labelled 
in control cells (Fig. 1 B), though the lower limit o f 
the size range was the same for both.
The concentration o f  actinom ycin-D  required to 
inhibit R N A  synthesis in artichoke tissue was similar 
to those reported effective in other plant tissues [24], 
but much higher than the concentrations required 
to inhibit R N A  synthesis in m am m alian cells [5 — 7]. 
It is clear than at low actinom ycin-D concentrations, 
or in short exposures to high concentrations, rR N A  
synthesis in artichoke tissue was very strongly in­
hibited, while the synthesis o f tR N A  and both poly­
disperse messenger-like fractions was very much less
Eur. J. Biochem. 50  (1975)
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Fig. 3. Cell division, RNA and protein accumulation during 
culture o f artichoke tuber explants. (A) Percentage increase 
in cell number. D1 and D2 show the timings of the first and 
second cell divisions; SI the timing ol'DNA synthesis for the 
first division. These timings were established as explained in 
Materials and Methods and [4], (B) pg RNA per explant.
(C) pg protein per explant. ( • -------• )  Control; (O O)
5 pg/ml actinomycin-D present from 0 h; (■-------■) 5 pg/ml
actinomycin-D added at 8 h ; (A A) 5 pg/ml actino- 
mycin-D added at 18 h; (Q- - -□) 20 pg/ml actinomycin-D 
added at 0 h. Each RNA and protein value quoted is the 
mean of between three and eight replicate determinations. 
The vertical bars indicate standard deviations of those points 
which are the means of eight determinations
inhibited. This type o f selective inhibition o f rR N A  
synthesis by lower concentrations o f actinomycin-D 
is well known in animal cells [5 — 7] but does not 
appear to have been reported previously for plants.
A ctinom ycin-D  and Cell Division
The object o f this part o f the investigation was to 
discover if the large increase in total R N A  content 
o f  explants which starts long before the first division 
(shown in Fig. 3. and described in detail in [4]) is 
necessary tor the occurrence o f cell division and the
accom panying increase in explant protein content. 
Explants were grown with low concentrations o f 
actinom ycin-D to inhibit selectively the synthesis o f 
rR N A , which is about 80",, o f total R N A .
Fig. 3 shows that when 5 pg/ml actinom ycin-D 
was present from the start o f culture, cell division 
was delayed, then occurred at a reduced rate. Exam ina­
tion o f  the chrom ic acid m acerate o f 57-h explants for 
products o f  the first and second divisions, as explained 
in M aterials and M ethods, showed that the increase 
in cell number was entirely due to cells undergoing 
the first division. B y 57 h no cells had undergone a 
second division, but alm ost as m any cells had com plet­
ed the first division as did so, earlier, in control ex­
plants.
In contrast, the accum ulation o f  R N A  was almost 
totally inhibited by 5 pg/ml actinom ycin-D ; certainly 
no net increase in R N A  content occurred until cell 
division was well under way. 20 pg/ml actinom ycin-D 
gave com plete inhibition o f R N A  accum ulation; cell 
division occurred, though at a much slower rate than 
in the control.
When actinom ycin-D  was added to cultures at 
18  h. just before the first division, R N A  accum ulation 
ceased immediately. The first division was com pletely 
uninhibited, but the second division was rather slower 
than in the control.
These results, together with the known effects o f 
actinom ycin-D on rR N A  synthesis, show that the 
massive synthesis and accum ulation o f new ribosonral 
R N A  which occur in control explants (Fig. 2, 3) [4], 
are not required for the induction o f the first cell 
division.
A ctinom ycin -D  and  Protein A ccum ulation
Explants in which rR N A  accum ulation had been 
totally inhibited by actinom ycin-D  added at the start 
o f  culture did accum ulate protein, though more 
slowly than in the control (Fig. 3). This shows that 
the massive synthesis and accum ulation o f new rR N A  
occurring in control explants was not necessary for 
protein accum ulation. When actinom ycin-D  was 
added to 5 pg/ml at the start o f culture the rate o f 
protein accum ulation was about h alf that in the 
control, and accum ulation ceased after 40 h, F ig. 2 
shows that this concentration o f actinom ycin-D  had 
little inhibitory effect on the synthesis o f messenger­
like R N A  3 — 5 h after the start o f culture, but the 
amount o f inhibition did increase later, presum ably 
as the drug increased in concentration within the 
cells. There is also the possibility that although m R N A  
synthesis was initially com paratively uninhibited, 
protein synthesis was limited by an actinom ycin-D- 
sensitive R N A  species required for translation o f
Plant M essenger R N A
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m R N A  [25]. 20 pg/ml actinom ycin-D  added at the 
start o f culture severely reduced protein synthesis. 
This is consistent with the demonstrated inhibition 
o f m R N A  synthesis by high concentrations o f the 
antibiotic (Fig. 1).
When 5 pg/ml actinom ycin-D was added to cul­
tures at 8 h, protein accum ulation continued almost 
as rapidly as in control explants until at least 50 h, 
although net R N A  accum ulation ceased immediately 
(Fig. 3). C om paring the effects on protein synthesis 
o f 5 pg/ml actinom ycin-D  added at 0 h and 8 h, it 
would seem that in the first 8 h o f  culture the explants 
aquire the ability to synthesise proteins for extended 
periods despite the presence o f actinom ycin-D. One 
possible explanation o f  this could be the synthesis 
o f relatively long-lived messengers early in the culture 
period.
The initial loss o f R N A  and protein from explants 
during the first hours o f culture (Fig. 3) was loss o f 
material from cells on the outside o f the explant, 
which were broken or dam aged during excision.
D etection o f  m R N A  in F reslily-E xeised  E xp lan ts
M ature artichoke tubers are harvested in autumn 
and stored at 4 C  for up to 12  months. D uring 
storage they are assumed to be m etabolically sluggish. 
Changes so far detected are that after 6 m onths’ 
storage the initial protein and R N A  contents o f 
explants begin to decline [26], and there is an increase 
in the duration o f the lag-period before the first 
division in culture [2,4], It was o f  interest to see if 
the quiescent tuber contained m R N A .
Total R N A  from tubers stored for 5 months 
after harvesting was fractionated on a sucrose density 
gradient after m ixing with [3H ]poly(U ) [16]. A  sample 
o f [3Fl]poly(U ) sedimented alone had a mean sedi­
mentation coefficient o f 3 S (Fig. 4), and no signifi­
cant amount o f radioactivity sedimented to heavier 
regions o f the gradient. When mixed with artichoke 
R N A  some poly(U ) radioactivity sedimented to 
the heavier regions o f the gradient, to give a poly- 
disperse distribution o f radioactivity with a mean 
o f over 18 S. This poly(U ) is taken to have hybridised 
to R N A s having poly(A ) sequences. The distribution 
o f radioactivity therefore shows the distribution o f 
poly(A) + R N A s.
In confirm ation o f this interpretation, when non­
radioactive artichoke R N A  was sedimented alone, 
then each fraction o f  the gradient was challenged 
with [3H ]poly(U ), the distribution o f radioactivity 
remaining precipitable by trichloroacetic acid after 
R N ase treatment [27] was similar to the 6 — 30-S 
polydisperse distribution show in Fig. 4. This indicates 
that the poly(U ) was hybridised to poly(A) sequences,
Fig. 4. Sucrose gradient sedimentation o f  mixtures o f non­
radioactive artichoke tuber RNA and [ 3 H]poly( U ). Contin­
uous line: absorbance at 265 nm. (□-------□) Radioactivity
profile of 25 ng [3H]po!y(U) sedimented alone. (■-------■)
Radioactivity profile of 0.05 gg [3H]poly(U) sedimented 
with 50 pg non-radioactive artichoke tuber RNA prepared 
from freshly cut tuber tissue
and that the radioactivity shown sedimenting to 
heavy regions o f the gradient in F ig. 4 was not carried 
there by non-specific aggregation with p o ly(A )_ R N A , 
or by binding to some contam inant in the R N A .
It is possible to estimate the am ount o f p o ly(A )+- 
R N A  present in total artichoke tuber R N A  from the 
data shown in Fig. 4. 0.05 pg [3H ]poly(U ) was mixed 
with 50 gg total R N A ; about one-half o f the poly(U ) 
hybridised and was carried down the gradient. A ssum ­
ing that this poly(U ) was hybridised to an equal 
weight o f poly(A ) [27], the poly(A ) content o f the total 
R N A  was 0.025 pg per 50 pg, i.e. 0 .05% . K now ing 
the average length o f poly(A ) sequences in artichoke 
tuber tissue R N A  to be 150  nucleotides (A. Flepburn, 
unpublished results) and the average size o f  the 
poly(A ) + R N A  (in F ig . 4 about 2000 nucleotides), 
the poIy(A) + R N A  content o f the total R N A  can be 
calculated as 0 .67% . Because o f the assumptions 
made, this is a very approxim ate value but it does 
indicate that the quiescent tuber tissue contains 
appreciable amounts o f  messenger-like R N A . For 
com parison, the much sm aller 9-S globin m R N A  is 
about 1 %  o f total R N A  in mouse reticulocytes [16].
D IS C U S S IO N
This study has shown the presence o f two R N A  
fractions in artichoke tuber tissue which have some 
characteristics o f messenger R N A . They are hetero­
geneous in weight; the actual size range corresponds 
well to the sizes o f m R N A s which would code for a 
reasonable distribution o f protein sizes. Both frac­
tions were labelled to a high specific activity in a 
pulse incubation, though it was not possible to 
calculate the exact specific activity. The weight o f
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poly(A) + R N A  prepared by oligo(dT)-cellulose was 
too low to measure accurately, and non-radioactive 
carrier R N A  had to be added to ensure complete 
precipitation o f the radioactive poly(A ) + R N A . The 
weight o f polydisperse p o ly(A )“ R N A  could not be 
determined as no method exists to separate it from 
the rR N A  and tR N A  also present in the p o ly(A )- 
fraction. However, it is clear from  Fig. 1 and 2 that 
both polydisperse p o ly(A )+ and p o ly(A )“ R N A s were 
labelled to a very much higher specific activity that 
rR N A  or tR N A .
The synthesis o f both polydisperse fractions was 
relatively resistant to inhibition by actinom ycin-D, 
as are mammalian messenger and nuclear hetero­
geneous R N A  syntheses[5 —7], One o f the fractions 
contains a poly(A ) sequence, the other does not. 
There are two further differences between the poly­
disperse p o ly(A )+ and p o ly(A )-  R N A s. First, labelling 
o f  the p o ly(A )- polydisperse was about ten times 
that o f the p o ly(A )+ fraction (Fig. 1, 2). Secondly, 
the polydisperse p o ly (A )~ R N A  appears to be heavier 
than the p o ly(A )+ R N A . This point is shown most 
clearly where rR N A  synthesis was inhibited by 
actinom ycin-D (Fig. 1C , D) but appears also to be 
true in control tissue R N A . However, to establish 
unequivocally that the difference in mean sedimenta­
tion coefficient was due to a difference in molecular 
weight would require fractionation under denaturing 
conditions, such as on form am ide —polyacrylam ide 
gels.
These two fractions o f polydisperse R N A  bear 
close resemblance to two fractions o f soybean R N A  
isolated by methylated albumin —kieselguhr chro­
m atography by K ey el at. [28]. They described 
"T B -R N A ” , a light fraction with high adenylic acid 
content, and " D - R N A ” , a heavier polydisperse frac­
tion with lower adenylic acid content.
A . Hepburn (unpublished results) has shown in 
artichoke tissue that poly(A) + R N A  is associated with 
the polyribosom es. It is thus likely that the poly(A) + - 
R N A  described here is at least partly cytoplasm ic 
m R N A . The role o f the polydisperse p o ly(A )- R N A  
remains unclear, though cytoplasm ic m R N A s without 
poly(A) sequences do exist in eukaryotes [20,23,29], 
The possibility cannot be entirely excluded that the 
polydisperse p o ly(A )“ R N A  was partly po ly(A )+ R N A  
which had lost its poly(A) sequence during extraction. 
However, the apparently larger size o f  the p o ly(A )- 
polydisperse fraction, and the consistently large 
amounts labelled during a pulse incubation suggest 
similarity to the poly(A)~ fraction o f nuclear hetero­
geneous R N A  in mammalian cells [30], Further study 
o f the kinetics o f labelling o f these two polydisperse 
fractions and o f their intracellular location should 
be o f interest.
The synthesis o f  messenger-like R N A  was an 
especially prevalent feature o f total R N A  synthesis 
during the early part o f  explant growth. The poly(A ) + - 
R N A  alone, measured as the percentage o f radio­
activity binding to the oligo(dT)-cellulose, was 7 .2%  
o f  the total R N A  synthesised during 0 — 2 h, and fell 
to 2 .7 %  during the period 3 —5 h. This did not reflect 
a drop in the absolute rate o f p o ly(A )+ R N A  synthesis, 
but was a consequence o f the com paratively late 
acceleration o f  rR N A  synthesis (Fig. 1 A , 2 A ). Verm a 
and M arcus [31] found that during transition from 
stationary phase to active growth in cultures o f 
A rachis  cotyledon cells, messenger-like R N A  synthesis 
was at first predom inant, with rR N A  synthesis 
occurring later. Sim ilarly, when spores o f  fission yeast 
germinate, there is a rapid early rise in m R N A  content, 
followed later by accelerating rR N A  synthesis [21],
The quiescent artichoke tuber tissue contained a 
significant am ount o f  poly(A)-containing, messenger­
like R N A  (Fig. 4). Ungerm inated fission yeast spores 
also contain poly(A ) + R N A  [21], and preformed 
messenger-like R N A  has been detected in quiescent 
wheat em bryos [32 ,33], It will be interesting to see 
if  the stored messenger-like R N A  o f the artichoke 
tuber tissue is translated during culture, or if the 
com pletely new developm ental pathw ay induced by 
excision and culture renders this messenger useless. 
The p o ly(A )+ R N A  stored in tuber tissue (Fig. 4) 
appeared to be larger than the p o ly(A )+ R N A  syn­
thesised during the early part o f culture (Fig. 1, 2).
The experiments on longer-term cultures with 
actinom ycin-D (Fig. 3) showed that the massive 
synthesis and accum ulation o f rR N A  occurring before 
division in control explants [4] were not required 
to support the induction o f cell division or the occur­
rence o f protein accum ulation. These data, however, 
do not exclude the possibility that the very small 
amount o f rR N A  synthesis occurring early after addi­
tion o f  actinom ycin-D  (Fig. 1 , 2) might not be o f 
importance for the induction o f cell division and 
protein synthesis. They do show that no significant 
increase in the size o f  the ribosom al population is 
required.
In a previous paper [4], it was shown that the 
normal stepwise accum ulation o f rR N A  during culture 
does not depend for its occurrence or timing on the 
occurrence o f D N A  synthesis and cel! division: when 
D N A  synthesis was com pletely inhibited by mito- 
m ycin-C, rR N A  was accum ulated in a stepwise 
manner as norm ally. These two results strongly 
suggest that these is not a close coordination, in the 
short term at least, between the synchronous cell 
division growth pattern induced in the tissue and the 
synthesis or accum ulation o f rR N A .
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In work with expanding soybean cells it has been 
shown [34 ,35] that the continuance o f  cell expansion 
does not depend on continued rR N A  synthesis. The 
essential difference between these results and the 
artichoke system is that in artichoke explants it is 
the induction o f a com pletely new developmental 
process in quiescent tissue, which does not require 
rR N A  synthesis, rather than the continuance o f an 
established development as in soybean.
In Fig. 3 the considerable delay to cell division, 
and strong inhibition o f protein accum ulation by 
20 pg/ml actinom ycin-D  might be taken to imply a 
requirement for m R N A  synthesis for the occurrence 
o f cell division and protein accum ulation. However, 
such data must be interpreted with caution, because 
of possible indirect inhibition by actinom ycin-D o f 
m R N A  translation [25] and direct inhibition o f D N A  
synthesis by high concentrations o f actinom ycin-D 
[36]. A  separate paper will describe experiments 
with 5-fluorouracil, which in the presence o f thymidine 
affects R N A  synthesis but not D N A  synthesis. A p p li­
cation o f 5-fluorouracil after various times o f culture 
has allowed the identification o f  two periods o f 
m R N A  synthesis necessary for the occurrence o f  the 
first and subsequent divisions.
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Ribosoinal RNA Integrity and Rate of Seed Germination
P.A. Brocklehurst  and  R.S.S.  F raser
Nulionul Vegetable Research Station. Wellesbourne.  Warwick CV35 9I*F. U.K.
Abstract. The  integri ty o f  r ibosonia l  R N A  (the per ­
centage o f  complete,  un-nickcd molecules)  in seeds 
wtts studied by e lec trophores is  unde r  dena tu r ing  c o n ­
ditions.  T w o  batches o f  ca r ro t  seed,  harvested at  di f ­
ferent stages o f  ma tu r i ty ,  and  four  batches o f  N ico- 
i¡(iiki seed s to red  for  var ious  times were used. Wi thin 
each species,  there was a cor re la t ion between the in- 
icgn i\  o f  the r R N A  of  the dry seed and the rate 
of  germina t ion  o f  that  seed. In ca r ro t  seed,  there 
was extensive degra da t ion  o f  exist ing r R N A  in both 
the emb ryo  and  end os per m dur ing  the first two days 
o f  imbibi t ion.
Key words: D am  ns G erm in a t io n  (seeds) N icoiiana  
r R N A  Seed ageing Seed germinat ion .
I n t r o d u c t i o n
Successful seed germina t ion  and  seedling g rowth  de ­
pend on protein synthesis  (B rooker  el til. 1977); this 
in turn requires that  seeds have an ade q u a t e  supply 
o f  funct ional  r ibosomes.  Previous r epor ts  have shown 
that  loss o f  viabili ty is accompan ied  by degrada t ion  
of  the r R N A  of  the d ry  seed (Rob er t s  el al. 1973; 
Bray and  C h o w  1976).
F o r  m a n y  hor t icul tu ra l  crops,  it is also desirable 
that seeds have rapid and uni form ge rminat ion .  We 
are the re fore interested in possible biochemical  ex­
p lanat ions  o f  why different  batches o f  seed o f  similar,  
high levels o f  viabili ty can ge rmina te at  very different  
rates. We repor t  here that  seed o f  high viabili ty can 
show extensive degra da t ion  o f  r R N A .  There  is a co r ­
relation between rate o f  ge rminat ion o f  different  
hatches o f  seed and  the integri ty o f  r R N A ,  bo th  in 
dry seed and d ur ing  the course o f  germinat ion.
A hhreiiatinns : rR N A  =  r ibosomal R N A ;  lR N A  =  transfer RNA
Materials and Methods
Seeds
C a rro l  (Dancux eiiriini L. cv. Royal C han tenay)  plants were grown 
in a glasshouse in 1974. Seed was collected from the primary um ­
bels, 44 and 104 days af ter  anthesis ( immature and m ature  seed, 
respectively), air dried and stored til 7 10° C. 50% relative humidi­
ty Plants o f  ¡Xireiitiihi nihtieiun 1 cv. White Hurley and Nienliitmi 
yliilm nsn  I . were grown in a glasshouse in 1975 and 1978. Seed 
was air  dried and stored in air-t ight bottles at  4DC. The exper iments 
were done  in 1979.
Germination Tests
Fifty seeds o f  each batch were placed on two layers o f  filter paper 
in 90 mm pelri dishes and moistened with 3 ml distilled water. 
There were eight replicates per batch. All seeds were germinated 
in the light, carrot  tit 10+ 1° C, Nicolicma at  22 +  1° C. The lower 
tem pera ture  was chosen for carro t  to give a clear separa tion  be­
tween the germination  times o f  the two seed batches. The num ber  
o f  seeds germinated (having a visible radicle) was recorded daily 
until no further  germination occurred. F rom  these d a ta  the final 
percentage germination and the mean germination  time were calcu­
lated (Orchard  1977).
Exlrneiitin n j' Nucleic Acids
One hundred  mg o f  dry  tobacco seeds, or  samples o f  200 seeds 
o f  carro t  at various stages o f  germination ,  were ground in a pestle 
and  m or ta r  in 4 nil extraction medium (2% sodium tri-isopropyl- 
naphthalene s u lp h o n a te : 10 m M N aC l :  50 mM Tris-HCl pH 7.8; 
0 .2% 2-m crcap toe thano l;  0 .2%  silicone D C  antifoam emulsion 
(D ow  Corning)).  I lomogenizalion was completed in a motor-driven 
teflon-in-glass homogenizer . Pro tein  was removed by successive 
phenol extractions and  nucleic acids fu rther  purified by reprecipita­
tions with e thanol from 0.5% sodium dodecyl sulphate  in 150 mM 
pi 16 sodium acetate and dialysis against the same solution (Fraser  
and W henham  1978). T ota l  yield o f  nucleic acid was measured 
from its ultraviolet absorp tion  spectrum.
O ther  batches o f  im m ature  carro t  seeds were dissected into 
em bryo  and 'e n d o s p e r m '  (endosperm plus seed coat) fractions; 
nucleic acids were extracted f rom 50 embryos and 50 endosperms 
in the same way as for the whole seeds, except that 2  ml extraction 
medium was used.
t'tilyiieryltiniide tie I Electrophoresis
Samples of  10 to 15 pg total  nucleic acid were frac tionated on 
6  mm d iameter  polyacrylamide gels (Loening 1969) with final acryl-
0032-0935/80/0148/0417/SO 1.00
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amide concentra t ion  equivalent to 2.5%. Electrophoresis was for 
3 It at 5 mA per gel. 8  V per cm constant  voltage. Gels were washed 
in distilled water  for 2 h. then scanned at 265 nm in a Joyce-Loebl 
Gel Scanner.
' In  expose hidden breaks in the rR N A ,  parallel samples of  
nucleic acid were f rac tionated by elec trophoresis under denatur ing  
condit ions using 99%  formatnide (Staynov et al. 1972). The gels 
contained the equivalent o f  4%  aerylamide and 0 .4% N .N 'm ethy -  
lene bisacrylamide. Electrophoresis was for 12 It at 1.25 mA per 
gel. cons tan t  current.  After  electrophoresis,  the gels were washed 
for 5 h in distilled water to remove form am ide before  scanning 
at 265 nm.
Weights o f  rR N A  and D N A  in gel peaks were calculated 
from the peak areas, which are linearly proport ional  to the am oun t  
o f  nucleic acid in the peak (Eraser 1971). The system was calibrated 
by gel electrophoresis of  known am oun ts  o f  highly purified tobacco 
mosaic  virus R N A  and tobacco plant total  D N A . The total  rR N A  
content  (intact  plus degraded molecules) ol a nucleic acid sample 
was calculated by subtracting D N A  (measured on gels) and an 
assumed 20% o f  the total for IR N A  from the m easurement of  
total  nucleic acid content  of  the sample.
Results
C arni I Seed
Both batches  o f  seed had high viabili ty but  the ma tu re  
seed ge rmina ted  earl ier  than the imm ature  seed 
(Table 1). A l though the im m atu re  seed was harvested 
only 44 days  af ter  anlhesis.  il had accumulated  90% 
of  the dry  weight  o f  the ma tu re  seed. The total  nucleic 
acid con ten t  o f  the im m atu re  seed was considerably 
less than tha t  o f  m a tu r e  seed. Both batches o f  seed 
showed  large increases in total  nucleic acid over  the 
first 12 days o f  imbibi t ion.
F igure I shows aque ou s  (non-denatu r ing)  gels o f  
nucleic acids f rom dry and ge rminat ing seeds o f  the 
two batches.  The same a m o u n t  o f  total  nucleic acid 
was appl ied to each gel. All gels showed  peaks  of  
the larger  (25 S) and smaller  (IX S)  r R N A .  Each peak 
had a shou lde r  on the lighter side, and  there were 
o the r  small  peaks,  suggest ing par t ial  degrada t ion  of  
the rR N A s .  The shoulde rs  and mi n o r  peaks  were 
more  p rono unced  in ge rminat ing  seeds o f  both
Tabic I. Characterist ics of  two batches of  carrot  seed germinated 
al 1 0 “ r
1 m ma I tire 
seed




Percentage germination X2 8 6 4.4
Moan germination lime (days) 12.S 9.1 0.37
Dry weight per seed (mg) 1.33 1.47 0.117
Nucleic acid per seed Ipg) 
drv seed I I S 1 . 6 8 0.32
aller 1 2  days imbibition 3.0 5.2 1 . 0
25S
0 10 20 30 40 50 60 70
Distance migrated into gel (mm)
Fig. I a -d . A queous (non-dena tur ing)  polyacrylamide gel electro­
phoresis of  nucleic acids from carro t  seeds, a Dry, im m ature  seed. 
I) Dry, m ature  seed, c Im m ature  seed, imbibed for 12 days, d M a­
ture seed, imbibed for 1 2  days
batches  than  in d ry  seed.  A large,  disperse region 
o f  abso rp t io n  at  50 75 m m  was found in samples 
with comparat ive ly  small  25 S  and 18 5  peaks.  This 
highly mobi l e mater ia l  p rob ab ly  r epresented extensi ­
vely degraded  r R N A ,  and  was  mos t  c o m m o n  in dry,  
im m at u r e  seeds.
In aq ue ous  gels, r R N A  molecules  with internal  
b reaks  may  migra te to the same posi t ion on  the gel 
as intact  molecules,  because internal  base-pai red re­
gions in the R N A  keep the degr ad a t i on  p roduc t s  to ­
gether  du r ing  el ect rophoresis .  E lect rophores is  on for­
m am id e  gels des t roys this base pai ring and  exposes 
h idden nicks in the R N A .  Th e  adv an tage  o f  the for ­
m am id e  technique over  o the r  dena tu r ing  t echniques  
such as hea t ing  is that  peaks o f  individual  molecular  
species on gels are muc h  sha rpe r :  m in or  differences 
in e l ec trophoret ic  mobi l i ty caused by var ia t ion in sec­
o nd ar y  s t ructu re  are abol ished.  This makes  it possible 
to f r act ionate and recognise individual  degrada t ion  
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Distance  m igra ted  into gel  (mm)
t ig .  2 a-d .  Ideelrophoresis under dena tur ing  condit ions on I'orni- 
uniide-polyaerylamide gels ol' nucleic acids from carro t  seeds, a 
Dry. im m ature  seed. I) Im mature  seed af ter 2 days imbibition,  c 
Immature seed af ter  12 days imbibition.  <! M ature  seed after 
1 2  days imbibition
Flee trophoresis  o f  ca r ro t  seed nucleic acids on 
fo rm am ide  gels revealed extensive degrada t ion  o f  the 
25 .S’ and  18 5  r R N A s ,  and a large n u m b e r  o f  discrete,  
high molecu la r  weight  b re a kd ow n produc ts ,  as well 
as highly mobi l e low molecu lar  weight  material .  The 
pat t ern o f  peaks was quant i ta t ively and qual i tat ively 
r eproducible  in replicate ext ract ions  and f r ac t iona ­
tions f rom each seed batch.  Th e  R N A  f rom dry seed 
(Fig. 2a)  showed some  intact  25 5  and 18 5  fo rms ;  
the rat io o f  25 5  to 18 5  was however  low, suggest ing 
that  the 25 5  was p ropor t iona te ly  mor e  degraded.  
Discrete peaks o f  b r ea k do wn  p roduc ts  in the high 
to middle molecula r  weight  r ange (25 to 50 m m  on
the gel) were rare,  co m p ar ed  with ge rmina t ing  seed 
(Fig. 2b,  c). This  suggests tha t  if r R N A  in the dry 
seed became  nicked dur ing  deve lop me nt  or  s torage 
o f  the seed,  it was then mor e  extensively degraded .  
Al ternat ively,  the nicking m a y  have been less site- 
specific in the d ry  seed than tha t  which occur red d u r ­
ing germinat ion.
D ur i ng  the first two days  o f  imbibi t ion,  there was 
fur the r  extensive degra da t ion  o f  25 5  and  18 5  
r R N A s ,  and peaks o f  degr ad a t io n  p roduc ts  in the 
middle to high molecu la r  weight  range appeared.  
These peaks are n um be red  indicat ing the d is t ance mi ­
grated in m m  to permi t  com par i so n  between different  
gels. Later  in germina t ion  (Fig.  2c) ,  af ter  considerable 
net  ac cum ula t ion  o f  R N A  had occur red (Table 1), 
more  intact  r R N A  was present ,  together  with cons id­
erable a m o u n t s  o f  midd le  to high molecula r  weight 
degrad a t ion  products .
M a tu re  and im m atu re  seed showed similar  pa t ­
terns o f  b rea kd ow n product s ,  in qual i ta t ive terms,  
bo th  in the dry seed and du r i ng  germinat ion.  For  
example .  Fig. 2d  shows  tha t  the pat t ern  o f  d eg ra d a­
tion p roduc t s  in ge rmina ted,  m a tu r e  seed was very 
s imilar  to tha t  o f  com p ar ab le  im m at ur e  seed (Fig.  2c),  
indicat ing that  the same sites in r R N A  were suscept i ­
ble to cleavage.
It is mos t  likely tha t  the nicking o f  r R N A  occur red 
in vivo, and not  d ur ing  ext ract ion o f  nucleic acids. 
Firstly,  nucleic acids ext racted f rom young  tobacco 
leaves at  the same  t ime and  unde r  the same condi t ions  
showed very little evidence o f  degra da t io n  o f  25 5  
and  18 5  rR N A s .  Secondly,  the ext ract ion p rocedure 
and  all pur if icat ion steps were in the presence o f  a n ­
ionic detergents  which are effective r ibonuclease inhi­
bitors.
T o  express the extent  o f  degra da t ion  o f  r R N A  
at different  stages o f  germina t ion  a nd  in different  
seed batches in quan t i t a t ive  terms,  we calculated the 
r at io o f  intact  2 5 +  18 5  r R N A  (measured  on f o r m a m ­
ide gels) to total  ( intact  plus degraded)  2 5 + 1 8  5  
r R N A .  To ta l  r R N A  con ten t  was calculated by su b ­
t ract ing D N A  and t R N A  f rom total  nucleic acid m e a ­
surements ,  r a the r  than by measur ing  25 and 18 5  
r R N A s  on aqueo us  gels, as unde r  these cond i t ions  
very extensive degra da t ion  o f  the r R N A  can lead to 
loss o f  mater ia l  f rom 25 and 18 5  peaks.
Figure 3 shows changes  in percentage integri ty of  
the r R N A  with t ime af ter  the star t  o f  imbibi t ion in 
the two batches  o f  ca r ro t  seed. At  no  t ime was  the 
percentage mor e  than 44, and  for  mos t  o f  the ge rmi ­
nat ion  period only 25%  or  less o f  the r R N A  was 
completely intact .  In bo th  batches o f  seed, there was 
a r apid decrease in integri ty o f  the r R N A  af ter  imbibi ­
tion.  F ro m  day  2 to day  8 , the percentage integrity 
increased in both batches (Fig. 3): this can only have
421)
Days
Fig. 3. Changes in the percentage integrity o f  rR N A  with time 
from the start  o f  imbibition of  carrot  seeds harvested while im m a­
ture (o  o )  or  a t  m atur ity  ( •  • )
Table 2. Percentage integrity o f  rR N A  extracted from  im m ature  
carro t  seed em bryo  and ‘e n d o s p e rm ’ fractions
Period o f  imbibition at  10° C
2 It 48 h
Whole seed 13 6
Fm bryo 26 1 0
Ftulospcrm +  seedcoat 1 0 5
been the result o f new synthesis o f rR N A . The percen­
tage o f intact rR N A  in the em bryo and ‘ endosperm ’ 
fractions was roughly halved during the first two days 
o f imbibition, just as in the whole seed (Table 2).
D ry, mature seed had a consistently higher pro­
portion o f intact rR N A  than dry, immature seed, 
and this difference between the two batches persisted 
for at least 5 days after the start o f imbibition (Fig. 3). 
These differences between the seed batches were re­
producible in replicate experiments. There was thus 
a correlation between percentage integrity o f the 
rR N A  in dry seed and during the first 5 days o f germi­
nation, and rate o f germination (Table 1).
N¡coliana Seed
A s further tests o f the correlation between rate o f 
germination and rR N A  integrity, we examined seed 
ol two Nicoiicma  species which had been stored for 
different times. Table 3 shows that for all seeds, the 
percentage final viability was high. However, in both 
species, germination o f the seeds stored for several 
years was slower than for fresh seed. Seed with earlier 
germination had a higher percentage o f intact rR N A  
in the dry seed than seed with slower germination.
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Table 3. G erm ina t ion  o f  N icoliana  seed at  22° C and percentage 
integrity o f  rR N A  extracted from the dry seed











of  rR N A
N . glulinoxa 1978 98 2 . 8 8 8
N . yluliiui.su 1973 97 3.7 82
N . tabacum 1978 82 5.1 63
N . tabacum 1973 72 17.7 23
L.S.D. 




In all three species studied, there was a correlation 
between the rate o f germination o f  different seed 
batches and the integrity o f rR N A  in the dry seed. 
The effect o f seed age on rR N A  integrity in the two 
N icotiana  species is sim ilar to results obtained for 
rye em bryos (Roberts et al. 1973) and pea em bryonic 
axes (Bray and Chow  1976). The difference in rR N A  
integrity between the two lots o f carrot seed was not 
a direct effect o f ageing, as the two batches were 
of the same age. It is possible that during ripening, 
the ribosom es become protected, or ribonucleases be­
come inactivated or sequestered. The rR N A  o f im m a­
ture seed may therefore be more susceptible to degra­
dation during drying and storage. D egradation of 
rR N A  in immature seeds could contribute to the slow, 
non-synchronous germ ination often observed in car­
rot, where the seed on a single plant does not ripen 
synchronously.
The results for carrot show that seeds will germi­
nate successfully with very extensively nicked rR N A . 
F or much o f the germ ination period, however, most 
o f the rR N A  was present as. relatively large, discrete 
degradation products, which presum ably were large 
enough to allow continued ribosome function.
Soon after imbibition o f carrot seeds, there was 
a very extensive degradation o f the dry seed rR N A  
to com paratively low m olecular weight degradation 
products. The decline in integrity o f  em bryo rR N A  
shows clearly that the early degradation is not con­
fined to the storage tissue o f the endosperm . We do 
not know exactly the extent to which rR N A  can be 
degraded before ribosom e function is lost, but these 
results suggest that the ribosom es o f the dry seed 
might only be capable o f protein synthesis for a short 
time after imbibition.
Although the changes in percentage integrity of 
rR N A  in the em bryo o f carrot seed reflected early 
changes in the whole seed, rR N A  from  the embryo
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was consistent ly less degraded  than tha t  o f  the ‘ en ­
d o s p e r m ’. This effect could possibly explain the 
higher  levels o f  integri ty of  r R N A  found in the Nico- 
liinui seeds co m p ar ed  to the ca r ro t  seeds,  since the 
e m b r y o / ' e n d o s p e r m ’ rat io is muc h  greater  in Nico- 
tianu t han  in ca r ro t  seed (Mar t in  1946).
The  vir tual  absence o f  intact  and large d eg r a d a ­
t ion p ro du c t s  o f  ca r ro t  r R N A  at 2 days,  and  the sever­
al-fold increase in total nucleic acid con ten t  dur ing  
germina t ion ,  suggest  that  the large r R N A  degrada t ion  
p rodu c t s  so co m m o n  later in ge rminat ion (Fig.  2c) 
mus t  have ar isen by degrada t ion  o f  r R N A  synthesized 
d ur in g  germinat ion .  This  point  could not ,  however,  
be checked by radioact ive labell ing o f  newly syn the ­
sized r R N A ,  as ca r ro t  seeds failed to incorporate  
[3H]urid ine and [32P]phospha tc ,  p robab ly  because 
they failed to take up the isotopes.
The mos t  likely me chan i sm causing the observed 
r R N A  degrada t ion  is r ibonuclease activity.  The p r o ­
duct ion o f  discrete and consis tent  high molecula r  
weight degra da t ion  p roduc ts  suggests tha t  certain 
sites on r R N A  are par t i cularly suscept ible to e n d o n u ­
cleolytic cleavage.  Cleavage at specific sites could also 
occur  d ur ing  t r ansc r ipt ion  and  processing o f  the 
r R N A  precurso r ,  as doub le  s t r anded  r R N A  regions 
and  early as sembly o f  r ibosomal  proteins  with r R N A  
precursor  wou ld  give rise to comparat ive ly  protected 
regions.  A n o th e r  possible cause  o f  decreased r R N A  
integri ty is the occurrence  o f  D N A  lesions in aged 
embryos (Cheah  and  O sbo rn e  1978). However ,  it is 
difficult  to see how  D N A  lesions, if spread at  r a n d o m  
through  the mul t iple  r R N A  genes,  could lead to sub- 
r R N A  produc ts  o f  discrete size classes.
As a seed lot ages,  its rate o f  ge rminat ion declines 
before any loss o f  viabili ty occurs (De louche  and  Bas­
kin 1973). O u r  results indicate that  a r educt ion  in 
r R N A  integrity occurs at  least as early as the decline 
in ge rminat ion  rate.  The  f inding that  loss o f  r R N A  
integrity precedes the decrease in protein synthet ic 
activity o f  the r ibosome  (Bray and C h o w  1976) also 
suggests that  reduct ion in r R N A  integrity may be
init iated early in the ageing process.  T hu s  measur ing  
r R N A  integri ty o f  dry  seeds m a y  be a useful tool  
in the s tudy o f  seed ageing and  may  p rovide  a guide 
to possible future  pe r fo rm anc e  o f  different  seed lots.
We thank Su Loughlin and  Jane Mills for technical assistance, 
and David Gray for ca rro t  seed.
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3  lant breeding provides modern agriculture with crop varieties having com m ercially 
desirable features such as yield, disease resistance and uniformity. Breeding has two 
-posite effects on the total genetic range o f a crop. Variability is increased by hybridiza- 
on and introduction o f genes from related wild species. In contrast, older varieties with­
al the currently required com bination o f characteristics are not grown and quickly 
„•come extinct. This reduces genetic range: genes which could be o f importance for 
ture breeding are lost. For exam ple, varieties o f cauliflow er with resistance to ringspot 
sease were allow ed to becom e extinct 30 years ago, and today no gene for this resistance 
available.
!o preserve the m axim um  range o f 
ncs for future vegetable breeding, a gene 
nk is being established at the National 
.gctable Research Station, W eiles- 
lUtne, U .K. 1 shall describe how the bank 
II operate, and suggest that it provides 
•portunities for research in biochem istry 
d related disciplines o f mutual benefit to 
xhemists and breeders.
The W ellesbourne gene bank will be 
:ilt and supported for seven years with a 
. vial £70 0 ,0 00  fund raised internation- 
a by the' fam ine relief organization 
dam. Thereafter, it will be financed by 
U.K. Agricultural Research Council, 
dam's support reflects the im portance o f 
•actable crops in developing countries: 
nservation and exploitation o f vegetable 
netic resources in breeding program m es 
.mid contribute significantly to solving 
nutritional problem s o f the third world. 
Physically, gene banking involves stor- 
c of up to 1 1 o f specially dried seed o f 
ch variety at -  20°C . V egetable seeds can 
nerally be stored under such conditions 
r 30 -50  years without serious loss o f via- 
Itv. Seed o f each lot will periodically be 
moved from store for regeneration o f 
:sh seed. The bank will store about 
1000 tem perate and 3000  tropical veg- 
able varieties, as well as wild species 
rich may be useful for breeding purposes. 
The W ellesboum e bank is the first to 
ncentrate entirely on vegetables.- In 
her countries, there are banks for cereals 
d siaple crops such as beans. Som e have 
litcd collections o f particular vegetable 
ops. or o f varieties from limited geo- 
■jphical areas. The W ellesbourne bank 
H exchange varieties and information 
th other banks; seed o f important var­
ies will be stored in duplicate in different 
rts of the world to guard against acciden-
ta! loss. For instance, W ellesbourne will 
hold in duplicate the 3000 varieties o f trop­
ical vegetables in the A sian  Vegetable 
Research Centre G ene Bank in Taiwan 
and the collection o f the Indian Bureau o f 
G enetic Resources.
For its prim ary role as a source o f genes 
for breeding, bank size is im portant. T h ere­
fore as many varieties as possible will 
quickly be taken into store. Storage will be 
non-discriminatory': any present day var­
iety may contain genes which could be o f 
use in the future.
A  source, to be useful, must be able to be 
tapped efficiently. A ll available information 
about each variety will be stored on com ­
puter file to aid selection and retrieval. 
Breeders will be able to request seed with 
genes for particular characteristics or com ­
binations o f characteristics. T o  encourage 
the full use o f  the bank’ s facilities by 
breeders and scientists, its services will be 
fre e .
While the implications o f the gene bank 
for biochem ically related research are less 
im m ediately obvious, there are several 
areas where the gene resources and infor­
mation stored could help the biochem ist. 
C onversely, knowledge derived from  
biochem ical experim ents on gene bank 
m ateria! will undoubtedly help the bank in 
the long term  with its prim ary aim o f assist­
ing breeding.
A s a source o f m aterial o f different var­
ieties. often with known history and rela­
tionships, the bank will be invaluable for 
studies in com parative biochem istry, 
m olecular evolution and biochem ical tax­
onom y. Attention in breeding is increas­
ingly being given to biochem ical charac­
teristics. such as am ino acid com position o f 
proteins, and lectin content. M oreover, 
biochem ical methods such as isoenzym e
tests are finding use in breeding and in dif­
ferentiation of new varieties. Thus infor­
mation from biochem ical studies, if re­
cycled to the gene bank data-base, will be 
o f use to breeders interested in these 
aspects.
For investigations o f gene action, 
m etabolic pathways, differentiation and 
m orphogenesis, it is useful to have wild 
type and mutant alleles o f relevant genes in 
an otherwise uniform genetic background. 
N ear isogenic lines suited to such studies 
have been produced: a notable exam ple is 
the tofnato series o f over 10 0  mutant 
alleles transferred to a com m on genetic 
background by L. A . D arby and co­
w orkers at the Glasshouse C rops Research 
Institute. Deposition o f such lines with a 
central gene bank would increase their 
availability to biochemists.
M any plant varieties are resistant to 
specific pests and diseases, but generally 
the biochemistry o f the action o f resistance 
genes is not understood. Studies o f resis­
tance biochem istry will benefit from the 
gene bank as a source o f susceptible and 
resistant varieties. The understanding 
gained should help in future breeding for 
resistance, and in designing new chemical 
m ethods o f disease control.
The biochemistry of seed dorm ancy, 
germ ination, ageing and loss o f viability 
require further study. The bank can assist 
by providing seed o f known ages and stor­
age history. More biochem ical understand­
ing o f these processes may lead to the 
developm ent o f better gene-banking tech­
niques.
G ene banks are planned to have a long 
lifespan. E arly  in that lifespan, somatic 
hybridization and genetic engineering will 
probably begin to allow transfers o f genetic 
m ateria! at present made impossible by 
barriers to normal hybridization. These 
biochem ical techniques could instigate a 
new era in plant breeding. But genetic 
engineering cannot yet create useful genes 
de n o v o . The gene bank, by preserving a 
wide selection o f existing genes and gene 
com binations, will provide an essential 
foundation for a genetic engineering 
approach to breeding new varieties.
R S. S. F R A S E R
R. S. S. Fraser is at ¡he B iochem istry Section, N ational 
Vegetable Research Station, W ellesbourne, W arwick 
C V 3S 9E F , U.K.
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Effects of Two TMV Strains on the Synthesis and Stability 
of Chloroplast Ribosomal RNA in Tobacco Leaves*
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Summary. Multiplication of TMV-strains vulgare (light-green/dark-green mosaic symp­
toms) and flavum (severe yellow/green mosaic) had different effects on the ribosomal RNA 
of tobacco leaf chloroplasts. Vulgare inhibited chloroplast ribosomal RNA synthesis while 
having no effect on cytoplasmic ribosomal RNA synthesis (Fig. 2). Flavum inhibited ehloro- 
plast ribosomal RNA sjmthcsis more severely than vulgare, and caused an earlier degradation 
of chloroplast ribosomal RNA than in control or vulgare-infected leaves (Fig. 1). Flavum 
also inhibited cytoplasmic ribosomal RNA synthesis. A connection between these differing 
) effects on chloroplast ribosomal RNA metabolism and severity of visible symptoms is sug­
gested, and discussed in relation to a possible influence on symptoms of denatured virus 
coat protein.
Introduction
H irai and W ildman (1969) reported recently that TM V strain U l (vulgare) 
inhibited chloroplast ribosomal R N A  synthesis while not affecting cytoplasm ic 
ribosomal R N A  synthesis. Protein synthesis b y  chloroplasts isolated from virus- 
infected leaves was found to be inhibited. They suggested that these effects on 
chloroplast metabolism give rise to the light-green mosaic sym ptom s of infec­
tion.
In  view of the very  different visible sym ptom s produced by different strains 
of TM V, it is of interest to compare the consequences of their m ultiplication for 
chloroplast metabolism. I  have exam ined the effects of infection by TM V strains 
vulgare (light-green symptoms) and flavum  (severe yellowing and early leaf 
collapse) on chloroplast ribosomal R N A  synthesis and stability. The results 
suggest a correlation between the effects of virus multiplication on chloroplast 
ribosomal R N A  synthesis and degradation, and the severity of visible symptoms.
Materials and Methods
Tobacco (Nicotiana tabacum) var. “ Samsun” plants were grown in a greenhouse at 23 T; 2°C 
with continuous illumination of 3,500 lux night (Osram L-Fluora tubes) and ca. 7,500 lux day. 
9 cm long leaves on 20 cm-tall plants were dusted with carborundum and inoculated by 
rubbing with either sterile phosphate buffer, 0.066 M, pH 7.0 (Control); 0.1 % TMV-strain 
vulgare in phosphate buffer, or TMV-strain jlavum-'miected leaves ground in phosphate buffer. 
The leaves were washed with running tap-water immediately after inoculation.
Radioactive Incubation. A detached leaf was placed with its petiole in 0.5 ml water con­
taining 0.5 me 32P-phosphate. This was completely taken up in 60—90 minutes. The leaf was 
then floated on water until a total 32P incubation time of 5 hours was reached. This method 
ensured equal uptake of 32P by all treatments.
* Abbreviations: TMV =  Tobacco Mosaic Virus; RNA =  Ribonucleic acid; DNA =  Deoxy­
ribonucleic acid; m =  millions (in molecular weight values).
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Bacterial ribosomal RNAs and eldoroplast ribosomal RNAs have similar electrophoretic 
mobilities (Loaning and Ingle, Ii)(i7). Although the 32P incubations wore done under non- 
stcrile conditions, I do not think that labelling of bacterial ribosomal RNA influenced the 
labelling pattern of ehloroplast ribosomal RNA: when old tobacco leaves (which do not 
synthesise chloroplast ribosomal RNA) were labelled in this way, no radioactivity was found 
in the baeterial/chloroplast ribosomal RNA position.
IiNA Extraction. 0.4 g leaf material was homogenised for 10 seconds in a Bidder Horao- 
geniser (E. Bidder, Tubingen, Germany) a t cn. 40,000 r.p.m . in 8 ml 30 mM tris-chloride, 
pH7.fi, containing 0.5% 1,5-naphthalenedisulphonic acid, disodium salt (Eastman Kodak) 
(Hastings and Kirby, 19(18) and 5 mM CIcland’s Reagent, a t 0°0. Immediately after homo­
genisation, sodium tri-iso-propylnaphthalenesulphonate (Eastman Kodak) and sodium 
4-aminosalicylate were added to final concentrations of 1 and 5 % respectively (Parish and 
Kirby, 19(5(5). The homogenate was shaken with an equal volume of phenol-eresol mixture 
(Kirby, 1965: redistilled phenol 1,000 g; redistilled m-cresol 140 ml; 8-hydroxyquinoline 1 g; 
water to saturate). Thereafter extraction was a t 10°C. The aqueous phase was recovered by 
centrifuging for 20 minutes at 10,000 X g. Sodium chloride was added to a final concentration 
of 0.3 M and the phenol-eresol extraction repeated twice. Nucleic acids were precipitated from 
the final aqueous phase by addition of two volumes of ethanol and 12 hours a t — 20°C. The 
nucleic acids were collected by low-speed centrifugation and dissolved in 2 ml 0.15 M sodium 
acetate pH fi containing 0.5 % sodium dodecyl sulphate, and were dialysed against this solu­
tion for 24 hours a t room temperature. Nucleic acids were precipitated by ethanol a t —20°C 
and the precipitate was washed with ethanol, dried and dissolved in 0.2— 1.0 ml electro­
phoresis buffer containing 5% sucrose.
Electrophoresis. Fractionation of nucleic acids was on polyacrylamide gels (Loening, 1907), 
7 cm long, fi mm diameter, containing 2.4 % aerylamide and 0.12 % bisacrylamide. The buffer 
had a pll of 7.8 and contained t-ris36 inMj NaH8P 0 430mM; HDTA 1 mM and 0.2% sodium 
dodecyl sulphate. About 15 p.g of RNA in 10 pi electrophoresis buffer were applied to each 
gel. Electrophoresis was for 2.5 hours a t room temperature a t 50 V and 5 mA per gel. The 
gels were scanned optically a t 265 nm in a Joyce-Loebl Chromoscan. Radioactive gels were 
then frozen in solid CO, and sliced transversely a t 0.5 mm intervals with a Mickel Gel Sheer 
(Mickel Laboratory Engineering Co., Gomshall, Surrey, England). The slices were dried on 
a film base and counted in a Packard 400 chromatogram scanner.
Chlorophyll. Chlorophyll content was determined by the method of Comar and Zscheile 
(1942). 1 g of leaf was homogenised in the Biihler homogeniser in 8 ml 80% acetone. The 
pigment was extracted info diethyl ether and chlorophyll concentration calculated from the 
absorbances at 800, 044 and 002 nm.
Results
Changes in  Chloroplast Ribosomal R N A  in  Control Leaves
Electrophoresis of nucleic acids from young (5 cm long) control leaves (Fig. 1 a) 
shows DNA at 0.8 cm ; 1.2S  m1 and 0 .71 m cytoplasm ic ribosomal R N A  at 2.5 and 
3.8 cm and 1.1  m and 0.56 m chloroplast ribosomal R N A  at 2.0 and 4.4 cm. The 
chloroplast RN A  species were present in approxim ately equim olar am ounts: this 
contrasts with previous reports on other tissues, such as French bean and raddish 
(Loening and Ingle, 1967; Ingle, 1968) and spinach, pea, tom ato and tobacco 
(Spencer and W hitfeld. 1966) where the 1 .1  m component was alw ays reduced or 
absent.
1 Bishop, Claybrook and Spiegebnan (1907) and Loening (1909) have shown a linear 
relationship between log molecular weight and electrophoretic mobility. 1 will refer to all 
RNA species by molecular weight values determined by reference to the plant cytoplasmic 
ribosomal RNAs, and using Locning’s (1909) molecular weight values for these molecules 
of 1.28 in and 0.7 I m.
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Fig. I
Fig. 1 a—e. Electrophoresis of nucleic acids 
from tobacco leaves, a 5 cm long healthy 
leaf, b 9 cm long healthy leaf, a t time of 
inoculation, c Control leaf, 17 cm long, 
4 days after sham inoculation of 9 cm leaf, 
d Leaf 4 days after inoculation with TMV- 
strain vulgare. e Leaf 4 days after in­
oculation with TMV-strain flavum
Fig. 2 a—c. Electrophoresis of tobacco 
leaf nucleic acids labelled with 32P and 
extracted 2 days after inoculation with 
a Control; b TMV-vulijnre; c -jlavum
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During growth of the leaf (Fig. lb ,  o) the 1 . 1  m chloroplast ribosomal R N A  
was degraded, but the 0.56 m peak persisted. Sm all peaks of molecular weights
0.9 m (3.3 cm ); 0.45 m (4.2 cm ); 0.40 m (4.6 cm) and 0.20 m (5.8 cm) appeared. 
Ingle (196S) has presented evidence suggesting the origin of these peaks b y the 
degradation of the chloroplast ribosomal R N A , principally involving the larger 
component.
Ribosom al R N A  Syn thesis  
Electrophoresis of control treatm ent nucleic acids labelled 2 days post-inocu- 
lation shows labelling of cytoplasm ic and chloroplast ribosomal R N A s (Fig. 2a) 
The origin and significance of the small radioactive peak at 5.0 cm are unknown 
A part from this, none of the minor optical density ¡leaks was labelled, supporting 
their origin by in  vivo degradation rather than b y degradation during R N A  
extraction. The sm all labelled peak at 1 .5  cm is identified as the cytoplasm ic 
ribosomal R N A  precursor (Loening, 19 6 7 ; Fraser, 1968).
Both  virus infected treatm ents showed optical and radioactiv ity  peaks of 
T M V -R N A  at 1.6 cm The accum ulation and synthesis of strain vulgare R N A  
was greater than of flavum  R N A  (Fig 2 b, c). Both  viral treatm ents showed a 
small peak of radioactiv ity at 6 cm which was not present in the control. Its  
origin and significance are unknown.
Labelling of cytoplasm ic ribosomal R N A  in w/gerre-infected leaves was slightly 
lower than in the control, but synthesis of chloroplast ribosomal R N A  was reduced 
to 40 % of the control value. This confirms the results of H irai and Wildman 
(1969). The inhibition of chloroplast ribosomal R N A  synthesis in flavum -infected 
leaves was stronger than with vulgare; in addition the labelling of cytoplasm ic 
ribosomal R N A  was reduced to about 30 % of the control value.
Ribosom al R N A  S ta b ility  
Leaves infected with T M V-vulgare showed a pattern of chloroplast ribosomal RN A 
degradation qualitatively  and tem porally sim ilar to th at in the control (Fig. 1). 
B ut in jlavuvi-infected leaves, the degradation of chloroplast ribosomal R N A  was 
accelerated. 2 days after inoculation with flavum , the amounts of 1 . 1  m and 0.56 m 
were lower than in the control (Fig. 2a., c). Unlike control or vulgare-irdecteA  
leaves, where the 0.56 m molecule persisted while the 1 . 1 m  was degraded, the
0.56 m R N A  in flavum -infected leaves was also degraded. B y  4 days after inocula­
tion, little 1 . 1  m and 0.56 m chloroplast ribosomal R N A  remained in /faw?ra-infected 
leaves, and a large amount of m aterial sm aller than 0.56 m, probably degradation 
products, was present (Fig. le). The stabilities of the 1.28 m  and 0 .7 1 m cyto­
plasmic ribosomal R N A s in both types of v ira lly  infected leaves were similar to 
those in the control (Fig. 1 c— e).
Discussion
There are therefore considerable differences between the two strains of TM V 
in effect on chloroplast ribosomal RN A  metabolism. The severer visible sym ptom s 
produced in flavum  infection m ay therefore be a consequence of the severer 
inhibition of chloroplast ribosomal R N A  synthesis (and possibly other types of
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Days after inoculation
Fig. 3. Chlorophyll content per leaf after inoculation with TMV-vulgare (A A); TMV-
jlavum  (□ - - - -O); control (o  O)
chloroplast U N A  synthesis), and the degradation of chloroplast ribosomal R N A  
by this strain, as the two effects must iead to a virtual cessation of protein syn ­
thesis inside the chloroplasts. In  addition, the severe inhibition of cytoplasm ic 
ribosomal R N A  synthesis by ¡lavum  might also play a part in controlling the 
stability of the chloroplasts. The role of nuclear R N A  synthesis and cytoplasm ic 
protein synthesis in chloroplast metabolism is not yet fu lly  defined, but there is 
some evidence for specification of chloroplast enzymes by nuclear genes (review 
by Kirk and Tilney-Basset, 1907).
An alternative explanation for the origin of yellow sym ptom s has been advan ­
ced by Joekusch and Jockusch  (1968). They demonstrated th at where yellow 
sym ptom s were produced, either by  yellow m utants such as ¡lavum  or b y  m ulti­
plication of TM V m utants with tem perature-sensitive coat proteins at high 
tem peratures, greater amounts of insoluble virus coat protein were present. They 
argued that the insoluble proteins m ay lead to disruption of cell organelles, in 
the case of chloroplasts liberating chloropbyllase from some bound state and 
leading to chlorophyll breakdown and yellowing. This hypothesis might be ex ­
tended to explain the accelerated breakdown of chloroplast ribosomal R N A  
in flavum -infected leaves by liberation of ribonuclease in disrupted chloroplasts.
However, there are certain arguments against the liberation of spatially 
separated enzymes through disruption of structure by denatured proteins being 
the sole cause of yellow symptoms.
1. Measurements of chlorophyllase activ ity  (Peterson and M cKinney, 19 38 ; 
G. Paulsen-Oehlen, unpublished data) show that //auam-infected leaves attain a 
much higher chlorophyllase activ ity  than control or vulgare-in iected  leaves. 
Clearly it is im portant to distinguish between whether this increased activ ity  is 
a result of liberation and activation of pre-existing enzyme, or stim ulation of 
enzyme synthesis. As the assays were done on acetone-dry powder extracts, which
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would tend to eliminate any in vivo  spatial segregation of enzyme and substrate, 
stim ulation of new enzyme synthesis seems more probable. This would argue in 
favour of a directive influence of flavum  m ultiplication on chloroplast metabolism 
rather than a merely passive influence through disruption of structure.
2. M y results suggest that the breakdown of chloroplast ribosomal R N A  
begins much earlier than that of chlorophyll in fla v u m -infected leaves. From  F ig. 2 c, 
where about 50 % breakdown of chloroplast ribosomal R N A  is recorded by 
48 hours after inoculation with flavum , it  is clear that the effect on chloroplast 
ribosomal R N A  stab ility  is effected very early in virus m ultiplication, indeed 
must be effected before the m ajority of virus protein has been synthesised. On 
the other hand, F ig. 3 shows that the degradation of chlorophyll in virus-infected 
leaves did not become significant until three days after inoculation, and that 
degradation of chlorophyll in flavum -in ieo ted  leaves first became more pronounced 
than in vulgare-iniacted  leaves even later. Some degree of sim ultaneity of incep­
tion of degradation of chloroplast ribosomal R N A  and chlorophyll, and an earlier 
distinction in chlorophyll contents in flavum  and vulyare-infected leaves might be 
expected if disruption through denatured proteins were the sole cause.
3. The TM V m utant Ni 1 18  has tem perature-sensitive coat protein (Jockusoh,
1968), but produces green sym ptom s at high tem peratures.
In  view of these doubts, experim ents are being carried out in an attem pt to 
discover the relative importance of the effects on R N A  synthesis and stab ility  
and the effects of denatured proteins in the determ ination of visible sym ptom s.
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Extraction a n d  A s s a y  o f  TM V RNA
Available physical/chemical methods for 
estimation of TMV concentrations in in­
fected plants (1, 2) suffer from low sensitiv­
ity, interference by contaminants, and de­
pendence on virus particle stability. I report 
here an accurate and sensitive TMV assay 
involving extraction and measurement of 
TMV RNA.
TMV RNA is clearly separated from host 
plant nucleic acids by polyacrylamide-gel 
electrophoresis (Fig. 1A). The peak area of 
a nucleic acid type on the ultraviolet ab­
sorption scan of the gel is linearly propor­
tional to the amount of nucleic acid loaded 
onto the gel. By electrophoresis of known 
amounts of highly purified tRXA (Schwarz 
Bioresearch) the peak area/weight of nu­
cleic acid ratio was determined. This per­
mits the calculation of the weight of TMV 
RNA, or any other RNA type, on the gel.
To use this as an assay method, unde­
graded nucleic acids must be extracted in 
high, reproducible yields from the plant. A 
method based on those of Kirby et al. (3 , 4) 
was found suitable. One-half gram of TMV- 
infected tobacco leaf was homogenized at 
0° in at least 15 vol of homogenizing medium 
(Tris-HCl 30 mil/, pH 7.8; sucrose 0.3 .1/; 
KC1 50 m .l/; Mg(OH:iCOO)o 1 mil/; dithi- 
othreitol 5 m.l/) for 30 seconds at TO,000 
rpm in a rotating-knife type homogenizer. 
Extraction of undegraded nucleic acids from 
extremely old leaves was facilitated by 1% 
diethyl pyrocarbonate (-5) in the homogeniz­
ing medium. Immediately after homogeniza­
tion, sodium triisopropyhiaphthalene sulfo­
nate and sodium 4-amino-salicyIate were 
added to final concentrations of 1 and 5'7, 
respectively. The homogenate was depro- 
teinized by shaking with a phenol/m-cresol 
mixture (4) at 20° and was centrifuged for 
10 minutes at 10,000//. Washing of the. phenol 
layer with a further 3 ml of homogenizing 
medium plus detergents released 15 % more 
nucleic acid. The combined aqueous layers 
were made to 0.3 .1/ with NaCl and were
extracted twice more with phenol/cresol. 
Nucleic acids were precipitated by 70% 
ethanol at —20°, and then dissolved in 1% 
sodium dodeeylsulfate, 0.15 M  sodium ace­
tate, pH 0.0. Dialysis against this solution 
for 24 hours at room temperature effectively 
removed contaminants interfering with 
RNA fractionation on gels. The nucleic acids 
were reprecipitated by ethanol at —20°, dis­
solved in Tris phosphate electrophoresis buf­
fer (6’) and fractionated on polyacrylamide 
gels as described by Loening. («). The total 
nucleic acid extracted by the detergent- 
phenol method was calculated from the 
ultraviolet absorption spectrum of a sample 
of the solution prepared for electrophoresis 
hydrolvzecl with 0.5 N  HClO.i for 20 minutes 
at 70°.'
Points of importance for TMV RNA ex­
traction are: (1) A more mobile shoulder, 
indicating degradation, appeared on the 
TMV RNA peak when detergents were pres­
ent during the homogenization (Fig. IB). 
This also occurred with gentler methods of 
homogenization. TMV RNA seems to be 
especially sensitive to damage by shearing 
forces when dissociated from its protein. 
(2) Outside the pH range 7.5-8.0, differen­
tial failure to extract specific nucleic acids 
could occur. (3) The total yield of nucleic 
acid increased with the temperature used for 
phenol extractions (range 0-(i0°), but above 
20° degradation occurred, to which TMV 
RNA was especially sensitive.
To evaluate the yield of the detergent- 
phenol extraction, the total nucleic acid 
content of the leaf had to be measured. After 
acid and organic-solvent washes (7) nucleic 
acids were extracted by hot IICIO, (8) and 
their concentration calculated from the ul­
traviolet absorption spectrum. The spectra 
obtained, and also those of detergent phe­
nol-extracted nucleic acids, showed 200:235 
nm absorbance ratios of about 2.5:1, and 
were thus clean enough for nucleic acid 




Fie. 1. U ltraviolet absorption scans (Joyce 
Loebl, Chromoscan) of electrophoresis on poly­
acrylamide gels of nucleic acids extracted from 
(A) 20-cm long leaves of Nicoliana tabacum var. 
Snmsun, 15 days after infection by TMV strain 
milgare. Nucleic acid extraction as described in 
the text. B. As A, except that 1% triisopropyl- 
uaphthalene sulfonate and 5%, 4-amino-salicylate 
were present during homogenization. C. 1INA 
from purified TMV. The broken line shows the 
delimitation of the monodisperse TMV UNA peak 
used to determine the percentage of TMV RNA 
present as the intact molecule. 2.2r ( acrylamide 
gels. Electrophoresis for 3 hours at 50 v. The 
peaks are: a t 1.0 cm, DNA; at 2.5 cm, TMV UNA; 
at 3.9 and 5.4 cm, ribosoma! RNA; and at 4.4 and 
5.9 cm, chloroplast ribosomal RNA.
With the sam e infected tobacco leaves as 
used for Fig. 1 A , the total nucleic acid con­
tent was found to be 1 10 6  ±  19  Mg/g leaf 
(mean ±  S E ; eight determ inations). The 
detergent-phenol method extracted 886 ±  
19 Mg/g, a yield of 80% . M easurem ent by 
peak areas of the weights of all individual 
nucleic acid types on the gels (D N A , T M V  
R N A , cytoplasm ic and chloroplast ribo­
somal R N A ,1 tR N A , 5S R N A ) accounts for 
784 db IS  ng/g, i.e., 89%  of the yield by 
detergent-phenol extraction. This suggests 
that the nucleic acids were extracted essen­
tially without degradation. The sharp, mon­
odisperse T M V  R N A  peak confirms this by  
the absence of a  light shoulder of more
1 The nucleic acids of Fig. 1A were extracted 
from aged leaves, which have low chloroplast 
rihosomal RNA contents. The. detergent-phenol 
method described will extract chloroplast ribo­
somal RNA successfully from younger tobacco 
leaves and gives a 2:1 ratio of 1.1 X 10° dalton:0.56 
X 106 dalton components (II).
mobile degradation products (Fig. 1 A ). 
Further tests of yield using solutions of puri­
fied T M V  showed th at the detergent-phenol 
method extracted 94%  of total R N A  from 
T M V . N inety  per cent of virus R N A  (meas­
ured by gel peak areas) w as recovered when 
nucleic acids were extracted from 6 mg virus 
in  the presence of 0.5 g healthy tobacco 
leaf. The detergent-phenol extraction there­
fore provides the high, reproducible yields 
of undegraded R N A  required for the gel 
assay.
In  an experiment com paring gel assay 
w ith T M V  assay by isolation of virus par­
ticles b y  heat treatm ent and centrifugation 
and their estim ation by U V  absorption (2), 
T M V  concentration was found to be 5.8 
m g/g leaf b y  gel assay  (20 X  290 ±  16  Mg 
T M V  R N A / g  leaf). The heat/centrifuga­
tion result (5.4 ±  0.4 mg T M V / g  leaf) was 
in good agreement. The maxim um  concen­
trations of T M V  in leaves detected by gel 
assay  were 1 0 - 1 2  m g/g, sim ilar to the m axi­
mal amounts reported by other chemical 
assays (1, 2).
Table 1 shows estim ation of leaf T M V  
concentration by in fectivity , by  comparison 
of the number of lesions produced b y  the 
infected leaves with the numbers produced 
by purified virus solutions of known concen­
trations, and compares the results with gel 
assay  determ inations. F igure 1 C shows that 
not all of the R N A  of purified virus is com­
plete T M V  R N A ; a tail of sm aller degrada­
tion products is also present. In  freshly pre­
pared T M V  sam ples, up to SO % of the R N A  
is in tact; the percentage falls with storage, 
and with freezing and thaw ing (Table 1) . 
The lower the integrity  of the T M V  R N A  
of the standard virus solution, the higher the 
calculated leaf virus concentration. Even 
with 80%  of the standard T M V  R N A  in­
tact, the in fectiv ity  assay  of leaf virus con­
centration gave a value 7 times that obtained 
by parallel gel assay (Table 1) , clearly much 
too high. M undry (,2) also found a large 
discrepancy between T M V  concentrations 
determined chem ically or b y  in fectivity . 
Purification might reduce the specific infec- 
tiv itv  of virus particles, but this cannot in­
volve more than a minute change in the 
R N A , as over 80 % found on gels had the full
S H O U T  ( 'O M M U N IC A T K )N K
TABLE 1
D k t k u m i n a t i o n s  ( i f  T M V  C o n c e n t r a t i o n  o f  I n f e c t e d  T o b a c c o  L e a v e s  h y  I n f e c t i v i t y  a n d  b y




Reference standards: Purified TMV solutions 




Loaf virus concentration calculated 
with respect to each reference TMV 
solution (tug TMV/g leaf)
107 
77 ±
5 X 106 
20(i ±  27 
0.012 
43.3
5 X 10« 
200 ±  30 
0.012 
44.7
5 X 10° 




60 ±  8
0.036
462.0
Storage time of standards at —20“
Times thawed and refrozen
of UNA in standard found to be in 
complete TMV UNA molecules“
TMV UNA (mg/g leaf) found by de- 313 ±  6“ 
tergent-phenol extraction and gel 
assay














• Leaves from N . tabacum var. Samsun plants 14 days after infection with TMV strain  vulgare.
6 At least 10 leaves of N. tabacum var. X anthi-nc were inoculated with each sample.
“ Standard error of the mean.
d Calculated from the absorbance of the virus solution at 260 nm; 1 mg TMV/ml = 2.7 OD.
' Amount of complete TMV RNA derived from peak area of monodisperse TMV RNA peak on gel
(cf. Fig. 1C). Total RNA content of the virus RNA preparation calculated from the UV spectrum of a
11 CIO i digest.
molecular weight (Table 1 ). A lternatively , 
the T M V  in the leaf might be activated  in 
some w ay. Stim ulation of in fectiv ity  of puri­
fied viruses by leaf homogenates has been 
reported (.9, 10). In fectiv ity  seems therefore 
unreliable for estim ation of absolute virus 
concentrations. Possible influences on the 
specific in fectiv ity  of the virus of plant age, 
virus strain and any experim ental treatm ent 
mean that even comparative estim ates of 
virus concentration by in fectiv ity  should be 
supported b y chemical measurements.
The lower lim it of sensitivity  of the gel 
assay method is equivalent to 2 pg v iru s/g  
leaf. Figure 2A  shows the detection of 0 .1 
pg T M V  R X A  in the presence of 107 pg host 
nucleic acid, equivalent to S pg v iru s/g  leaf. 
Reproducible estim ates of leaf virus con­
centration can be obtained at this level. 
Thus the gel assay method is much more 
sensitive than other physical/chem ical 
met hods. Heat precipitation-centrifugation
methods (1 , 2) are unreliable below about 
0.5 mg v irus/g . On the other hand, infec­
tiv ity  can detect T M V  concentrations about 
10 “ 3 of the gel assay  minimum. But. by 
radioactive labeling of the infected material, 
the sensitivity  of the gel method for detec­
tion of T M V  R N A  synthesis is greatly  in­
creased. Figure 2C  shows T M V  R N A  label 
detected in a 2-mg piece of cult ured root-tip, 
in which the m axim um  T M V  concentration 
reached was under 20 pg/g. I t  is possible to 
detect and measure rates of virus R N A  syn­
thesis in  individual segments of root as short 
as 200 p (200 pg weight). Th is perm its, for 
exam ple, a precision of analysis of location of 
T M V  synthesis greater than th at attainable 
b y  in fectivity.
Figure 2 B  shows defection of v ira l nucleic 
acid, b y  the gel method, in leaves infected 
with a protein-defective m utant. The 
method has also been used to estim ate T M V  
R N A  synthesis of tem perature-sensitive pro-
S H O U T  C O M M U N [ ( JATIONS SO 7
F ig . 2. Detection and measurement of low 
concentrations of TMV by the gel assay method, 
and detection of TMV UNA synthesis in minute 
amounts of tissue. A. 0.1 yg TMV UNA (at 3 cm) 
fractionated in the presence of 167 yg leaf nucleic 
acid. The inset shows the region from 2.0 to 4.2 
cm scanned with S times increased vertical sensi­
tivity. 2.2' ( gel; 4 hours electrophoresis. B. Elec­
trophoresis of nucleic acids from tobacco leaves 5 
days after infection with the protein-defective 
TMV' strain  DTa. (Infected leaves provided by 
Dr. S. Sarkar.) 2.1' p gel run for 4 hours. TMV 
RNA at 4.0 cm. C. Electrophoresis of 32P-labeled 
nucleic acids extracted from a 2-mg segment of a 
TMV'-infected cultured tomato root, after incu­
bating for 1 hour with J2P-phosphate and 7 hours 
with nonradioactive phosphate. Counting of gels 
as described in lief. (11). The labeling peak at 
3.0 cm is TMV UNA; those at 5.2 and 7.3 cm are 
ribosomal RNA. 2.2(7 gel run 4 hours.
tcin m utants of T M V  grown at high tem ­
pératures (I. Takebe, personal com m unica­
tion). Thus the gel assay procedure seems to 
he suitable for use with various types of
T M V  strains, independent of the physical 
nature and biological behavior of the p ar­
ticle.
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Tobacco leaves 1.5 to 18 cm long were infected with tobacco mosaic virus (TMV) 
strains vulgare or flavum. Nucleic acids were extracted, and fractionated and assayed 
by gel electrophoresis. Leaf growth and contents of DNA, ribosomal UNA, chloro- 
plast ribosomal UNA, transfer UNA, and TMV-RNA were measured at various times 
after infection.
The younger the leaf infected, the longer (he duration of synthesis of TMV-RNA, 
and the higher the final virus concentration reached. Synthesis of ./Zatium-RNA was 
as great as th a t of vulgäre-RNA in young leaves, bu t was much less than th a t of 
iw/ffare-RNA in old leaves.
The growing, healthy leaf accumulated ribosomal RNA, chloroplast ribosomal 
RNA, and transfer RNA. The maximum contents of these per leaf were reached as or 
just before the leaf reached its maximum length of 15-20 cm. Thereafter there was a 
loss of these components.
TMV-infection of a 1.5 em-long leaf inhibited its growth and nucleic acid accumu­
lation. Infection of a 5 cm-long leaf had no effect on the subsequent rises in ribosomal 
UNA and transfer UNA contents, but chloroplast ribosomal UNA accumulation was 
inhibited. The effects of TM V-strains vulgare and flavum on young leaves were similar.
Infection of older leaves, at or later than the time of maximum ribosomal RNA 
content, led to contents of ribosomal and transfer RNA higher than in control leaves, 
as the rate of loss of these t wo components was reduced, especially by strain  flavum.
Under no conditions was a degradation of cytoplasmic ribosomal RNA found as a 
result of viral infection, but chloroplast ribosomal RNA was quickly degraded in 
flavum -infected leaves.
INTRODUCTION
Tobacco mosaic virus (T M V ) must be 
judged one of the most successful of plant 
viruses in terms of the amount of virus 
produced during an infection. T h is can be 
ip) to 10 mg virus per gram  of leaf, repre­
senting up to 7 5 %  of the total nucleic acid 
content of the leaf. W hat are the effects of 
this vast amount of “ Foreign”  m etabolism  
on the growth and nucleic acid metabolism 
of the leaf? E a r ly  investigations of R N A  
changes after T M V  infection showed m ainly 
slight increases in total R N A  following
‘ Present address: D epartm ent of Zoology, 
University of Edinburgh, Edinburgh, EH9 3JT, 
Scotland.
infection (Basler and Commoner, 19 56 ; F ry  
and M atthew s, 19 63; R ottger, 1965). Later 
investigations were concerned with the m e­
tabolism  of specific R N A s, nam ely T M V - 
R N A  and ribosomal R N A . R edd i (1963) con­
cluded that microsomal (ribosomal) R N A  
was active ly  broken down during virus 
m ultiplication, and the products used for 
T M V -R N A  synthesis. Later, B abos (1966) 
found no difference in the am ounts of 
ribosomal R N A  in healthy and T M V -in - 
fected leaves. Kubo and Tom aru (1968) 
reported a stim ulation of uridine-3H  incor­
poration into SO S ribosomes for a few 
days after inoculation.
I report here an investigation of R N A
Copyright ©  1972 by Academic Press, Inc.
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metabolism in healthy and T M Y -in fected  
tobacco leaves, using assay methods (Fra- 
ser. 11)71) perm itting quantitative changes 
in 1)X A . T M V -R X A , cytoplasm ic ribo- 
somal R X A  (rlv X A  ). chloroplast ribosomal 
MX A (crRX’ A), and transfer R X A  (tR X A ) 
to be followed during T.M\" m ultiplication. 
The growl It and senescence of the healthy 
tobacco leaf are complex and involve ex­
tensive changes in contents of different 
R X A  types, l or a full understanding of the 
relationship between T M Y -R X A  and plant 
R X A  metabolism, it was necessary to inves­
tigate the effects of virus m ultiplication on 
loaves of widely differing ages. Tw o T M Y  
strains were used, rulgare (light green dark 
green mosaic sym ptom s) and Jlarum  (severe 
yellowing of leaf). These strains have1 differ­
ent effects on the stab ility  of chloroplast 
ribosomal R X A  (Fraser, 19(59). It was there­
fore of interest to compare the effects of the 
two strains on further aspects of leaf growth 
and R X A  metabolism.
M A T K I i I A L S  A N D  M F .T I I O D S
P lants and inondation . Tobacco plants 
(A ieotiana labacum  L . var. ‘Sam sun’) were 
grown in rich garden soil in clay pots. 
The plants were kept in a greenhouse at 
tem peratures of 20° night and 27-2N° day.
Leaves S. Id, 17, or IS cm long on plants 
20 -25  cm tall were dusted with 500-mesh 
Carborundum and inoculated by rubbing 
with a glass spatula. The inocula were: 
control— sterile 0.0(i7 .1/ Xtt-HPOi K H 2P 0 4 
buffer, pH 7.0; rulgarc 0 .1 '7 purified T M Y  
strain vidgare in phosphate buffer; flcanim— 
TM Y-strain,//ar«ai-infected leaves ground in 
10 volumes of phosphate buffer. The leaves 
were washed with running tap water im ­
mediately after inoculation.
Prim ary, mechanical inoculation of halves 
less than 7> cm long is unsatisfactory. Sm all 
leaves were secondarily infected by a method 
similar to those described by Zecli (19.72) 
and Xilsson-Tillgren el at. (1909). The first 
two fully expanded leaves on 20 cm tall 
plants (generally leaves 7 and 0 from the 
bottom) were prim arily inoculât('d b y rub­
bing as above. Tw o young leaves, of 1.7 and 
0.7 cm length, were identified on each plant 
at the time of inoculation. Four days later, 
the leaves which had been 1.7  cm long were
7 7 cm long and showed vein-clearing sym p­
toms over the whole surface. T h e leaves 
which had been 0.7 cm long at the time of 
prim ary inoculation had reached a length 
of 1 .5  cm and developed mosaic sym ptom s 
with small islands of very dark green color. 
Com parable halves on different plants be­
gan to exhibit these sym ptom s rather syn­
chronously. X ilsson-Tillgren cl al. (19(59) 
showed that a high proportion of half cells is 
quickly infected by this method. It is of 
course difficult to state the exact time at 
which virus arrived in the young leaf. How­
ever, T M V -R X A  could be detected by gel 
electrophoresis (Fraser, 19 7 1)  by the time 
the leaves which were 1.7  and 0.7 cm long at 
tlu' time of prim ary inoculation had reached 
7 and 1.7  cm, respectively. For this investi­
gation, it was sufficient to know that these 
leaves w en1 infected by tin1 time they had 
reached this stage. The1 actual onset of 
infection, com parable to the time of rubbing 
of prim arily infected leaves, must have been 
when the leaves were slightly smaller.
A urleic acid determ inations. At least three 
leaves wen1 harvested at each time for 
each treatment . The m idribs were removed. 
The leaves w en1 quickly frozen on solid 
CXL and broken into small pieces. This 
allowed a random sam pling of all regions of 
replicate leaves, and had no adverse effect 
on the quality or quantity of nucleic acids 
extracted. At least three 9.4-g sam ples of 
the frozen leaf m ixture wore rcparately 
processed for nucleic acid measurement for 
each treatm ent.
The extraction and assay of nucleic acids 
were perform ed as described in detail by 
Fraser ( 19 7 1) . The salient points of the 
method are: nucleic acids were extracted 
to NO'.; yield b y a detergent/phenol method; 
purified by dialysis in the presence of sodium 
dodecyl sulfate and fractionated by elec­
trophoresis on polyacrylam ide gels (Loening, 
1 0(57). The gels were (i mm diam eter, 1 1 7  nun 
length: with a final acrylam ide concentration 
of 2 .2 '7 , and were run for 2.7 hr at (57 V 
and 7 mA per gel. Am ounts of I)X A , T M Y - 
R X A . r R X A , c rR X A , and tR X A  present 
were determined from the peak areas of 
these molecules in ultraviolet absorbance 
scans of the gels. Replicate extractions and
UN A C H A N G E S  IN  T M V - I N F E C T E D  L E A V E S
determinations of individual m olecular types 
gave highly reproducible results.
RESULTS
Leaf Growth
The lobaeco leaves used in these experi­
ments grew, depending on season and posi­
tion on (he plant, to a maximum length of 
14—20 cm (.Fig. 1)  and a maximum fresh 
weight of 3-d  g (Fig. 2). I )X A  accum ulation 
(Fig. .3) in the healthy leaf stopped shortly 
after I lie leaf reached its maxim um  length,
LBngiii oi leal at time of inoculat ion:
Days after inoculation
F i g . 1. Changes in leaf length with time after 
inoculation, for leaves of various sizes at time of 
inoculation. O — O , Control; A --  -A , vulgare- 
infected; 9 9. jlavum-infected. (A and B)
Secondarily infected; (C) primarily inoculated.
but 1 resit weight increase occurred for some 
tim e thereafter.
Infection of sm all leaves with T.YIV-in- 
hibitod growth, generally the earlier the 
infection, the greater the inhibition. Length 
increase was inhibited less than weight 
increase (Figs. 1 A , B ; 2A , B). Infection of 
the l.n  cm long leaf had an imm ediate 
inhibitory effect on length (Fig. 1A ) and 
D N A  (Fig. .3A) incrcttsc, till hough D N A  in­
crease in virus-infected leaves continued 
longer than in the control. The leaf infected 
when 5 cm long (Figs. 1 B , 2B , .3B) continued 
to grow as well as the control and doubled 
its length before inhibition became appar­
ent. The final length reached was slightly 
reduced by viru s; the final weight and D N A  
content were reduced even more.
Infection of leaves which had reached 
their m aximum length had no effect on 
1 heir final weight (Fig. 2 D) or D X A  con­
tent (Fig. 3C ). In  particular there was no 
loss of D N A  from the infected leaf, although 
D N A  is lost from virus-infected leaves when 
they become necrotic. Necrosis did not 
occur within the times of these experiments. 
T he small decline in D N A  per leaf in all 
treatm ents in Fig. 3C  occurs because D N A  
becomes more difficult to extract from aging 
leaves at the pH  which is optim al for R N A  
ext faction.
Lingth of l«af  a t  t l a e  of I nocu l a t i on :  
1.5 c i  5 ci  13 ca 18
Days after inoculation
Fig. 2. Changes in leaf fresh weight with time after inoculation, for leaves of various sizes at the
time oi inoculation. O  O, Control; A  A , vw/fiwe-infected; #  9 . Jlavion-infected. (A ancl
B) Secondarily inleeted; (C and I)) primarily inoculated.
FR A SER ,
T M V - R X A
Tlio duration and amount of T M Y -JR N A  
synthesis depended on the virus strain  and 
the age of leaf inoculated. T h e duration of 
v iru s-I!X A  m ultiplication decreased with 
increasing length of loaf inoculated, from 
at least 25 days when 1.5  cm leaves were 
inoculated (Fig. 4A) to 5 days when old, 
full-length leaves were inoculated (Fig. 4D ). 
Strain jiavum  had a slightly longer duration 
of m ultiplication than vulgare in old leaves, 
and considerably longer than vulgare when 
5 cm leaves were infected. 
jS V ira l-R N A  production per leaf was lower 
when very  young or very  old leaves were
Length of leaf at time of inoculation:
1 . 5  c a  5 c a  18 c a
F ig . 3. Changes in am ount of I lN A  per leaf 
with tim e after inoculation, for leaves of various
s iz e s  a t  t h e  t im e  of  i n o c u l a t i o n .  O  O  , C o n t r o l ;
A —  A ,  ¡« (/ ( /are -in fec ted ;  9 —  9  f la v u m -  
i n f e c t e d .  (A a n d  B )  S e c o n d a r i l y  i n f e c t e d ;  (C) 
p r i m a r i l y  in o c u la t e d .
infected (Fig. 4 ,A  and D). Assum ing that 
the T .M V -R X A  was present in virus par­
ticles, the data m ay be expressed as milli­
gram s of virus per leaf, taking T M V -R N A  
as 5 %  of total virus weight (Table 1 ). The 
highest virus concentrations (mg virus per 
gram of leaf) were reached in leaves infected 
when 1 .5  to S cm long. Infection of leaves 
longer than S cm led to lower final virus 
concentrations. T h is effect was more pro­
nounced w ith jiavum :  in young leaves it 
reached concentrations equal to those of
T A B L E  1
M a x i m u m  C o n c k n t r a t i o n r  o f  T M V  S t r a i n s  
f l a v u m  a n d  v u l g a r e  F o u n d  W h e n  L e a v e s  o f  
D i f f e r e n t  S i z e s  W e r e  I n o c u l a t e d
Leaf  length a t  time 
of inoculation 
(cm)
M a x im u m  TMV-concen- 
Iralion reached in leaf 
(mg v i ru s /g  leaf)"
vttlgftre f la t  it in
1 .5 0 .6 7 6 .3 0
5 .0 8 . 1 0 7 .1 0
8 . 0 6 .2 6
1 3 .0 4 .0 5
17 .0 3 .7 8 1.78
18.0'* 1.7S 0 .4 0
" D e r i v e d  f r o m  20 X  t h e  m e a s u r e d  c o n t e n t  of 
T M V  R N A / g ,  a s s u m i n g  th i s  I t N A  to  b e  p r e s e n t  
in  v i r u s  p a r t i c l e s .
b L e a f  i n o c u l a t e d  6  d a y s  a f t e r  r e a c h i n g  18 cm, 
i t s  m a x i m u m  le n g t h .
Length of l e a f  a t  t i ne  of Inocu l a t i on :
F i g . 4. C h a n g e s  in t h e  a m o u n t  of  T M V - R X A  p e r  l e a f  w i t h  t i m e  a f t e r  i n o c u l a t i o n ,  f o r  l e a v e s  of
v a r i o u s  s iz es  a t  t h e  t im e  of  i n o c u l a t i o n .  A  A ,  r i d g a r e - i n f e c t e d ;  9  9 ,  J la v u m - i n f e c t e d .  (A and
11) S e c o n d a r i l y  i n f e c t e d ;  (C) p r i m a r i l y  i n o c u l a t e d ;  ( I) )  p r i m a r i l y  i n o c u l a t e d  (i d a y s  a f t e r  r e a c h i n g  18 
cm . i l s  m a x i m u m  l e n g t h .  A  A .  L e a f  e x c i s e d  a n d  f l o a t e d  on  w a t e r  1 d a y  a f t e r  p r i m a r y  in o c u la t io n  
w i t h  vulgare.
UN A C H A N G E S  IN  T M V - I N F E C T E D  L E A V E S
vul(jare\ in old leaves it m ultiplied very  
much less than vulgare (Table 1 ).
R.XA
Tlie ribosomal R N A  content of the heall by 
leaf I'cachcd a peak of 1.0 l.d m g per leaf 
when or sligh tly  before the leaf reached its 
maximum length (big. d, A, 15). V irus in­
fection of the l.o  cm leaf led to an im m ed­
iately reduced rate of rR N A  accum ulation 
and a very  miii'h reduced maximum rR N A  
content, at, however, the sam e time as in 
the control (big. dA). Infection of a d cm 
leaf had no effect on the accum ulation of
rR N A  (big. d B ), but Id days after infection, 
the rate of loss of rR X A  from the by then 
aging leaves became slower in virus-infected 
leaves. Leaves 3d days after infection with 
vulgare had twice the rR N A  content of the 
controls; /¿mutm-inferled leaves had almost 
four times the control rR X A  level.
Leaves infected at the peak of rR N A  
content ( 13  cm length, big. dC) and during 
rR N A  loss in aging (17  cm length, big. dD) 
showed, sim ilarly, a retardation of rR N A  
loss after infection. /'VarwnMnfected leaves 
lost their rR X A  more; slowly than vulgare- 
infected leaves, which lost theirs more
Length of l eaf  at t ime of i noc u l a t i on :  
1. 5 cm 5 era
F i g . 5. Changes in the amount of ribosomal RNA per leaf with time after inoculation, for leaves of
various sizes a t the time of inoculation. O  O, Control; A  A , vulgare-infected; #  • ,  Jtavum-
nifected. (A and B) Secondarily infected; (C and I)) primarily inoculated; (Ii) primarily inoculated 0 
days after reaching 18 cm, its maximum length.
Ft! ASK I!
slowly than control leaves. With very old 
leaves, infected several days after reaching 
their maximum length (Fig. dF), inoculation 
with vulgare actually caused a slight increase 
in rR X A  content, although the net loss of 
t'R X A  resumed after o days.
Chloroplast ribosomal R X A  in the healthy 
leaf reached its maximum concentration 
at the same time as cytoplasm ic rR X A , 
but was lost very  much more quickly as the 
leaf aged (Fig. (5A). I have reported in quali­
tative terms the effects of Jlavum  and vulgare 
on chloroplast rR X A  synthesis (see also 
H irai and W ildman, 19(59) and stab ility  
(Fraser, ltltii)). Sim ilar results were reported 
for lettuce necrotic yellows virus-infected 
X ico tia n a  gluliiiosa  by Randles and Coleman
(1970). Here we consider two sets of quan­
titative data which confirm and extend 
these results. Infection of l.b  cm leaves 
resulted in very  low accum ulations of ehloro- 
plast r R X A  (Fig. (5A). The larger c rR X A  
accumulation with fla rum  than with vulgare 
does not contradict the reportedly more 
severe cytopathic effects of ftavum  for cr­
R X A  stab ility  (Fraser, 19(59). The explana­
tion lies in the mosaic form of the disease 
produced in these younger leaves. Dark- 
green, nonvirus-containing patches, which 
have high c rR X A  contents, were more 
frequent in Jlavuin-infected leaves than in 
those infected with vulgarc.
Length of l eaf  a t  time of I nocul a t i on:
Days after inoculation
I’ig. li. Changes in clihiropla.st ribosomal U N A  
content per leaf with time after inoculation, for 
leaves of various sizes at the time of inoculation.
O  O , Control; A -  A , vulgare-infected;
9  9 . Jlunnii-infected. (A )  Secondarily in­
fected; (15) primarily inoculated.
Length of l eaf  a t  f l oe  of I nocu l a t i on :
Days a fte r inoculation
F i g . 7. Changes in the amount of transfer 
UNA per leaf with time after inoculation, for 
leaves of various sizes at the time of inoculation.
O — O , Control; A  A . un/pare-infected;
9  - 9 . ./toicm-infected. (A) Secondarily in-
’ fected; (15) prim arily inoculated (i days after 
reaching 18 cm, the maximum length.
Infection of the leaf with jlavum  or vulgare 
ju st before it reached its peak erR X A  
concent ration (Fig. (ill) gave a rapid inhi­
bition of c rR X A  accum ulation. The subse­
quent loss of e r R X A  was fastest in flavum - 
infeeted leaves; ('«/^are-infected leaves be­
haved sim ilar to the controls.
The effects of virus m ultiplication on 
1 R X A  content were broadly sim ilar to 
those on rR X A  content. Infection of young 
leaves by either virus strain (Fig. 7A) 
resulted in an inhibition of t R X A  accumu­
lation. W hen old leaves were infected (Fig. 
7B ), they lost tR N A  at rates slower than 
in the control. As with rR X A , the rate of 
loss was lowin' in /Zaram-infected leaves 
than in ridgrare-infected loaves.
D ISCUSSIO N
L ea f (¡mwlh and  A utieic A c id  Content
The life of the tobacco leaf falls into two 
periods. The first stage is one of rapid 
growth with increases in length, weight, 
D X A  and all R X A  typos. The second phase 
is a period of senescence which occurs soon 
after the leaf reaches its maximum length 
and includes losses of R X A s  of all types. 
Infection of the leaf by T.M V inhibited 
the development of both stages. I f  the leaf
R N A  C H A N G B S  IN TMV-INFICCTI01) LKAVKH
was infected wlicn very young; (l.b  cm), 
ils growth (measured by length, weight, 
and nucleic acid increase) was inhibited. 
But by the time the leaf had reached about 
one-third of its filial length (about b cm), 
many param eters of growth were resistant 
to inhibition by T M Y  infection. T h e only 
factor showing continued inhibition was 
fresh weight increase, a param eter which 
goes on increasing after all others measured 
in this study have reached their peaks 
(Figs. '2, B and C). N otew orthy when b cm 
leaves were infected was that rR N A  and 
tRN A  accum ulations continued unimpaired, 
although considerable amounts of T M V - 
liX A  were being synthesized at the same 
time. Only chloroplast rR N A  synthesis 
showed a reduction in such circumstances.
Older loaves infected with T M Y  lost 
their rR N A  and tR N A  more slowly than 
did healthy leaves. This inhibition of the 
normal course of senescence by virus was 
more pronounced with strain Jlavum  than 
with strain rulgare. Chloroplast rR N A  again 
behaved in exactly opposite fashion to the 
other R N A  types, being more rapidly de­
graded in the fla v u v i-infected leaves. Results 
from :i2R incorporation studies (Fraser, in 
preparation) show that in older leaves there 
is a stim ulation of cytoplasm ic rR N A  syn ­
thesis for a few days after inoculation, 
but during the main period of viral R N A  
accumulation the rR N A  synthesis is very 
much reduced. Thus the higher contents of 
rR N A  per leaf observed in infected older 
leaves (Fig. b C -E )  are not only the results 
of an initially higher rate of synthesis; 
virus must also reduce the rate of degrada­
tion of existing rR N A .
B y what mechanism does T M Y  exert 
these varied effects on host R.NA m etabo­
lism? Some of thi' findings, such as inhibition 
of host rR N A  accum ulation in very  young 
leaves, might be explained as a simple 
effect of competition for nucleotides bet ween 
T M Y  and host R N A  syntheses. However, 
the simultaneous but com pletely opposite' 
effects of virus on chloroplast and cyto­
plasmic rR N A synt he.ses and si abilities (Figs. 
•5C and (>B) (Fraser, 19(59) and the initial 
stimulation by virus of :|2R incorporation 
into rR N A  (Fraser, in preparation) suggest 
that T M Y  m ay exert some directive control
over host R N A  metabolism. One facet of 
of t his could be I he blocking of R N A  synt ho­
ses necessary for development, hence the 
observed inhibition of both growth and 
senescence phases. The T M  V-sensitive syn ­
thetic activ ity  which is necessary for the 
growth phase of development must take 
place when the leaf is very sm all: by the 
time the leaf has reached a length of b cm, 
it is competent to complete its growth phase 
even in the presence of T M V  (Figs. 2B  and 
b,B).
W hatever the mechanism of T M V  inter­
ference' with development, it will be noted 
that the situations produced have features 
favorable to virus m ultiplication, i.e., some 
reduction of competition by host R N A  
synthesis for nucleotides in ve ry  young 
leaves, and m aintenance of the declining 
host ribosome population, necessary for 
viral protein synthesis, in infected older 
leaves.
In none of the situations investigated 
was any evidence found to support R ed d i’s 
(lbtiM) contention that T M V  infection and 
multiplication caused net degradation of 
existing cytoplasm ic rR N A . H ow ever, ex­
amination of his experimental design shows 
that leaves were harvested for T M V  and 
rR N A  analyses at various times after in­
fection, wlu'ii they had reached a length of 
10  cm. This is far short of the fu lly  expanded 
size of tobacco leaves, and can only mean 
that the leaves harvested late in his experi­
ments were infected when very small indeed. 
As shown here, infection of ve ry  young leaves 
with T M V  inhibits the accum ulation of 
rR N A  (Fig. bA), though such leaves can 
accum ulate high concentrations of T M V  - 
R N A  (Fig. 4A). 1 suggest therefore that 
what Reddi measured was an inhibition 
of rR N A  accumulation and by no means a 
virus-stim ulated net degradation of rR N A .
The rR N A  results from more m ature 
leaves (Fig. b, C -E )  are broadly sim ilar 
to those obtained by Babos (19(>(>). The 
larger differences between control and in­
fected leaves did not appear until periods 
exceeding the duration of his experiments.
1 'in is  M u ltip lica tion
T M V -R N A  was synthesized over longer 
periods and to higher concentrations when
F R A S E R
younger leaves were infeetod (Fig. 4; T ab le 
1 ). Strain  flaimiii R X A  was synthesized as 
much as vulgare R X A  in younger leaves 
but much less than rule/are R X A  in older 
leaves. These ('fleets m ay be related to 
nucleotide availability. Com parison of Figs. 
4 and f> shows that the main virus RX"A 
accum ulation took place when host r R X A  
was declining. T .M V -R X A  synthesis in 
younger leaves, infected before they reached 
their m aximum r R X A  content, did not 
reach its full rate until r R X A  decline had 
commenced. Further, the amount of viral 
R X A  finally accum ulated bore a very close 
relationship to the amount of r R X A  de­
graded during leaf senescence. Tin ' lower 
synthesis of T .M V -R X A  in older leaves is 
probably a direct consequence of the sm aller 
supply of nucleotides, because fewer ribo­
somes are left to be degraded.
Thus much of the nucleotide supply for 
T M V -R N A  synthesis seems to come 
from  the norm al degradation of r R X A  
during leaf senescence. It must be stressed 
that T M V  does not accelerate r R X A  deg­
radation; indeed the reverse is the case. 
It could be that the lower production of 
jlavum  R X A  com pared to rule/are R X A  in 
older leaves (Fig. 4D ) was because fla v w n  
is more effective in reducing the' degradation 
of rR X A .
W hile in infected young leaves T M V - 
R X A  synthesis did not become m axim al 
until after the peak of r R X A  content was 
reached, T M Y - R X A  synthesis did occur 
during the net rR X A  accum ulation phase. 
® P  incorporation studies (Fraser, in prepara­
tion) show that much more 32P  was incor­
porated into rR X A  than into T M V -R X A  
during an S-lir incubation. Thus certainly 
during the rR X A  accum ulation phase1, r R X A  
synthesis is a more active sink for nucleo­
tides than T M V -R X A  synthesis.
It may be assumed that the products of 
r R X A  degradation in the old leaves of 
healthy plants are transported to the 
younger leaves to be utilized there. Virus 
R X A  production in the old leaves is com­
peting with tin1 young leaves for nucleotides 
arising from old-leal’ rR X A  breakdown. It 
can be predicted that removing the com­
petitive effect of the young leaves should 
increase the amount of viral R X A  synthesis
in old leaves. This is indeed the case. When 
old leaves were inoculated, excised, and 
floated on water, larger concentrations of 
v irus were reached than in comparable 
leaves still on the plant (Fig. 4 D ).
In I he very  youngest leaves infected the 
am ount of T M V -R X A  synthesized was in 
excess of the amount of rR N A  degradation 
in these leaves. It is probable th at viral 
R X A  production in these leaves was con­
siderably supported b y the im port of nucleo­
tides arising from senescence in lower, older 
leaves. The equal production of jlavum  or 
vulgare R N A s  in younger leaves could reflect 
the absence1 of any effect of flavum  in pre­
venting r R X A  breakdown in the regions 
of production of the nucleotides. Uninocu­
lated old leaves become system ically  in­
fected very  slow ly with virus from secondary 
sources.
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S U M M A R Y
Y o u n g ,  m a t u r i n g  a nd  age d t o b a c c o  leaves  w er e  infected with t o b a c c o  m o s a i c  
vi rus  ( T M V )  strain vulgare or  flavum. T M V - R N A  synthes is  a nd  a c c u m u l a t i o n  were  
fo l l owed .  Flavuni a n d  vulgare R N  A s  had di f ferent patterns  o f  s ynthes i s  a n d  a c c u m u ­
l at ion:  f/avum-R'NA  m a y  be unstable.
In heal t hy  leaves,  r i b o s o m a l  R N A  s ynthes i s  ( m e a s ur e d  by [MP] i n c or p or at i on )  
increased to a p e ak  bef ore  the le a f  reached its m a x i m u m  length then decl i ned to 
25 o f  the m a x i m u m  as the le a f  age d.  T M V  infect ion o f  a y o u n g  l e a f  cau se d 
i mm ed i at e  and persistent inhibi t ion o f  r i b o so ma l  R N A  synthesis .  R i b o s o m a l  R N A  
synthes i s  in o ld e r  leaves s h o w e d  three phas es  a f ter  T M V  infect ion.  ( 1 )  O ne  d a y  
a ft er  i n oc ul a t ion ,  r i b o s o m a l  R N A  synthes is  w a s  h igher  than in heal t hy  leaves.
(2) D u r i n g  the main a c c u m u l a t i o n  o f  T M V - R N A ,  r i b o so ma l  R N A  s ynthes i s  w a s  
inhibited.  (3) F o l l o w i n g  T M V - R N A  a c c u m u l a t i o n ,  r i b o s o m a l  R N A  s ynthes i s  rose,  
of ten to levels h igher  than in heal thy leaves.  T h e  hal f- l i fe  o f  r i b o s o m a l  R N A  in a 
T M V - i n f e c t e d  le a f  w as  f o un d to be twice that  in a  heal thy leaf.
T h e s e  o b se r v a t i o n s  are  di scussed in relat ion to le a f  d e v e l o p m e n t  and  v i rus  mul t i ­
pl icat ion.
I N T RODUC T I ON
T o b a c c o  m o s ai c  vi rus  ( T M V )  can mult ip ly  in a t o b a c c o  le a f  until  its R N A  is 75  %  o f  
the total  nucle ic  acid present ( F r a s e r ,  1 9 7 1 ) .  C e r ta in  aspects  o f  host  R N A  m e t a bo l i s m  are  
a l r e a d y  k n o w n  to be c o n s i d e r a b l y  al tered a f t er  T M V  infect ion.  C h l o r o p l a s t  r i b o s o m a l  
R N A  s ynthes i s  is inhibited ( Fr a s e r ,  1 9 6 9;  Hirai  &  W i l d m a n ,  1969).  In v er y  y o u n g  leaves,  
T M V  infect ion inhibits  aspects  o f  g r o w t h ,  i n cl ud i ng  a c c u m u l a t i o n s  o f  r i b o s o m a l  R N A  
( r - R N A ) ,  t ransf er  R N A  a n d D N A .  Infect ion o f  o l de r  l eaves  s l ow s  the loss  o f  c y t o p l a s m i c  
r - R N A  whi ch  occ ur s  in the n o r ma l  c o u rs e  o f  l e a f  senescence  ( F r a s e r ,  1972) .
T h e  effects o f  T M V  infect ion on c y t o p l a s m i c  r - R N A  s ynthes i s  ha ve  not pr ev i ou s l y  been 
studi ed in detai l .  T h i s  p a pe r  reports  a n  i nvest igat i on o f  this topic.  T h e  mul t i pl icat ion 
pat terns  o f  t wo  st rains  o f  T M V ,  vulgare and the m or e  c yt op a t h i c  flavum , a n d  their  effects 
011 r - R N A  synthesis  were  c o m p a r e d .  T h e s e  st rains  h av e  di fferent ef fects  on ot he r  as pect s  
o f  l e a f  R N A  m et abol i sm ( F r a se r ,  1969,  1972) .  r - R N A  s ynthes i s  w a s  studied in leaves  in­
fected at di f ferent  ages  in the hope  o f  u n d e rs t an di n g  the effects o f  T M V  011 l e a f  d e v e l o p ­
ment.  A n  a t t emp t w a s  m a d e  to m e as ur e  the rate o f  r - R N A  t u r n o v e r  in heal thy  and  infected 
leaves.
* Present  ad d ress :  R. S. S. F raser ,  D e p a r tm e n t  o f  Z oology , Universi ty  o f  E d in b u rg h ,  West  M a ins  R o a d ,  
E d in b u rg h ,  F.H9 3JT , Sco tland .
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Plants aiul inoculation. T o b a c c o  plants  (Nicotiana tabacum L.  var .  ‘ S a m s u n ’) were  
g r o w n  in soil  in c l a y  pots.  One  w e e k  b ef or e  i n ocul a t ion ,  the plants  were  t ransf erred to a 
c l i ma t ic  c h a m b e r  a n d g r o w n  u nde r  c on t i n u o u s ,  m ix e d  f luorescent  and  tungsten l ight o f  
7 50 0 Ix, at 2 5 + 1  C  a n d  80 re lat ive  humi di ty .  P lant s  o f  s imi l ar  height  (20 to 25 cm) a n d  
a p p e a r a n c e  w er e  selected.  L e a v e s  10 or  17  c m  l ong  w er e  pr i ma r i l y  i nocul ated  with T M V  
st ra i ns  vulgare o r  Jlavuni or  with steri le p h o s p h a t e  buf fer  (control )  a n d  leaves  4 c m long 
w er e  s e c o nd a r i ly  infected f o l l o w i n g  p r i m a r y  inocul a t ion  o f  lower ,  e x p a n d e d  leaves  ( N i l s so n-  
Ti l lgrc n,  K o l e h m a i n e n - S e v e u s  &  von Wettste in,  1969)  as  des cr i bed p r e v io u s l y  ( F r a s e r ,  
1972) .  T h e  infected or  s h am -i n o c u l a t e d  leaves  were  identif ied by light metal  r ings  r ound 
the petiole.  Eq ui v a l e nt  leaves  were  used for  the d e t er mi n at io n  o f  R N A  s ynthes i s  rates  at 
v ar i o u s  t imes  a f te r  i nocul at ion.
Radioactive incubation. U p  to 30 d a y s  a f t e r  infect ion,  infected o r  s h a m - i n o c u l a t e d  leaves  
w er e  d et a ch ed  by cutt ing  the petiole u nde r  water .  T h e  cut end w a s  i mme rse d in 0-5 ml  
w at e r  c o n t a i n i n g  0-5 m C i  [;i2P ] - o r t h o p h o s p h a t e  ( R a d i o c h e m i c a l  C en tr e ,  A m e r s h a m ) .  T h e  
ent i re v o l u m e  o f  rad i oa ct i ve  so lut i on w a s  t aken up b y the l e a f  within 1 h. F o r  the r e m ai n d er  
o f  the i n cub at ion  the le a f  w a s  f loated on steri le water .
Nucleic acid extraction. Nu cl e i c  ac i ds  w er e  e xt racted  f r o m  0-4 g s a m p l e s  o f  l e a f  t issue b y  a  
d e t c r g e n t s - p h e n o l  p ro c ed ur e  ( F r a s e r ,  1 9 7 1 ) ,  and  f r act ionat ed  by e le ct ro pho re s i s  on p o l y ­
a c r y l a m i d e  gels ( L o e n i n g ,  1967) .  T h e  gels w er e  s c ann ed  f or  u.v.  ext inct ion at  265 nm 
with a J o y c e  Lo e bl  ‘ C h r o m o s c a n ’ , f rozen in sol id CO. ,  a n d  sliced t ransv ers e ly  at  0-5 m m  
intervals .  T h e  s l ices were  dried on a fi lm base  a n d ra d io ac t i v i t y  in e ac h slice w a s  cou nt ed  
in a P a c k a r d  460 ga s - f low  system.
Derivation o f  data. T h e  f o l l o w i n g  d a t a  w er e  der i ved f rom  the u.v.  e xt inct ion and  r a d i o ­
act i vi ty  s ca ns  o f  gels :
( 1 )  T h e  total  i n co r p o r a t i o n  o f  r a d i o ac t i v i t y  into 25  S  plus  18 S c y t o p l a s m i c  r - R N A  
or  into T M V - R N A  w a s  fo und by a d d i n g  the rad ioact iv i t ies  o f  the indiv idual  gel  sl ices in 
the a p p r o p r i a t e  r ad ioact i v i t y  peaks ,  and  s ub tr ac t i ng  the gener al  b a c k g r o u n d  o f  hetero-  
di sperse  ra d io ac t i v i t y  on the gel ,  as  s h o w n  in Fig .  1.
(2) T h e  weight  o f  D N A  on the gel w a s  ca l cu l at ed  f r om  the a r ea  o f  the D N A  p e a k  in the 
scan o f  u.v.  ext inct ion.  T h e  ratio peak a re a /w ei g ht  o f  D N A  w a s  de te rmi ne d b y e le ct ro­
phores i s  o f  k n o w n  a m o u n t s  o f  pure  Escherichia coli D N A .  D N A  migrate s  in p o l y a c r y l ­
a m i d e  gels as  a s ingle,  s h a r p  pe ak ,  unless  ve ry  h ig hly  she are d ( L o e n i n g ,  1967) .  T h e  D N A  
content  o f  a s a m p l e  o f  l ea f  mater ia l  w a s  f ound b y this m e t h od  to be 1 3 0  ±  4 /1 g/g l e a f  (me an 
o f  eight  d e t er mi n at io n s  ±  s t an da r d  error) .  T h e  D N A  content  w a s  s eparat e l y  m e a su r e d  by 
the pr oc edur e  o f  S c h m i d t  &  T h a n n h a u s e r  ( 1 9 4 5 )  us i ng  the modi f i ed p r e -w a sh in g  p ro c e d u r e  
o f  H o l d g a t e  &  G o o d w i n  ( 19 65 ) .  T h e  v a l ue  f o un d w a s  1 44  ± 7  //g/g leaf.  T h i s  c o n f i r m s  that  
the phenol - det ergent  ext rac t ion a n d  gel p e a k - a r e a  m et ho d p r o v i d es  a rel iable and  r e p r o ­
ducib le  es t imate  o f  l e a f  D N A  content .
(3) T h e  we ight  o f  T M V - R N A  on the gel w a s  ca lc ula te d f r o m its p e ak  a r e a  on the u.v.  
ext inct ion scan,  as  descr i bed by F r a s e r  ( 1 9 7 1 ) .  N o  a l l o w a n c e  w a s  m a d e  f o r  d ou b le - s t r a n d ed  
T M V - R N A ,  which p r o b a b l y  has an e l ect ro ph ore t i c  m o b i l i ty  s i mi l ar  to D N A  ( J a c k s o n  et al. 
1972) .  Publ i shed est imates  o f  d o u b le - s t ra nd e d T M V - R N A  con c en tr at i on  in leaves  ( S h i p p  &  
H a se l k or n ,  19 64 ;  B a b o s ,  1 9 7 1 )  s uggest  that its c o n c e nt ra t io n  re lat ive  to that  o f  s ingle­
s tranded T M V - R N A  is l o o  low to i nt roduce  s igni f icant  e r r o r  into T M V - R N A  or  D N A  
m easu re me nt s .
M ethod o f  presentation o f  results. [32P] i n co r p o r a t i o n  into r - R N A  and T M V - R N A ,  and
Syn thesis  o f T M V - R N A  and rihosom al R N A
cm
Fig. i . Po lyacry lam ide  gel e lec trophores is  o f  [ 3 ‘-P]-!abelled nticleic acids ex trac ted  f rom  a 1 3  cm  long 
tobacco  leaf  two days  a f te r  inocu la t ion  with T M V  stra in  vutaare. T h e  gel had  a n  ac ry lam ide 
c o n cen t ra t io n  o f  2  4  an d  was run  for 2 - 5  h a t  5  1 1 1  A, 8  V/cm gel length. T h e  c o n t in u o u s  curve  show s 
ex tinc tion  a t  2 6 5  n m ;  the h is to g ram  radioactiv i ty .  T h e  peaks  a r e :  a t  t o cm , D N A ; a t  1 - 5  cm ,  T M  V- 
R N A  a n d  at  2 - 8  an d  4  2  cm , r -R N A .  T he  b roken  line u n d e r  the T M V - R N A  rad ioact iv i ty  peak show s 
the delim ita t ion  o f  the peak for ca lcu la t ion  o f  [ 3 2 P]- inco rpo ra tion  in to  T M V - R N A .  T h e  b ro k en  line 
u nde r  the D N A  ex tinction  peak show s how  the peak a rea  w as o b ta in ed  for  ca lcu la t ion  o f  the 
weight o f  D N A  on  the gel.
the a m o u n t  o f T M V - R N A  have  been e xpres sed on a per  //g D N A  basi s  ra the r  than on a 
per  l e a f  o r  per p  g  r - R N A  basis.  T h is  has several  a d v a nt a ge s .  A s  c o r r e s p o n d i n g  R N A  and  
D N A  d a t a  were  der ived f r o m the s a m e  gel,  var ia t i on  a r i s ing  f r o m  di f ferences  in e xt ra c t i on  
and  ge l - lo ad i ng  w as  minimi zed .  I n c o rp or a t i o n o f  [32P] into T M V - R N A  a n d  r - R N A  c ou ld  
be di rect ly  c o m p a r e d .  T M V  infect ion ce rta i nl y  has  drast ic  effects on l e a f  r - R N A  c ontent s  
( F r a se r ,  1972) .  I f  this is e ve n part ly  a n  effect on de g r a d a t i on  ra the r  than synthesis ,  as  this 
invest igat i on suggests ,  then speci f ic act i vi ty  va l ues  f o r  r - R N A  ([32P] i n co r p o r a t i o n  into 
r - R N A / / / g  r - R N A )  are  me ani ng le ss  as  a g u id e  to r - R N A  synthesis .
T M V  infect ion af fects  l ea f  D N A  content  only  whe n ve ry  smal l  l eaves  are  infected.  C h a n g e s  
in D N A  content  o f  leaves  d u r in g  g r o w th  are  given in F r a s e r  ( 1 9 7 2 )  and  closely  paral le l  
c ha ng es  in le a f  fresh weight ,  i.e. c ur ves  d r a w n  011 a per  /ig D N A  basis  are  essent i al ly  s imi l ar  
to those  d r a w n  on a per g  fresh weight  basis.
Reproducibility o f  results. Es t ima te s  o f  [32P] i n c o r p or at i o n by the gel m et ho d are  l ikely 
to  be free f r o m  e rr ors  a r i s i ng  f r o m  [32P] -conta i ni ng c on t a m i n a n t s ,  as  a c lean,  defini te p e ak  
is me asure d.  T h e  R N A  e xt rac t i on  p ro ce dur e  has been s h o w n  to gi ve  an 8 0 %  y i e l d ;  
re pr oduc ib i l i ty  o f  e xt ract ion is e xt re me ly  high ( F r a s e r ,  1 9 7 1 ) .  A  con tr ol  e x p er i m en t  s h o w e d  
that  m e a su r em en ts  o f  [32P] i n co r p o r a t i o n  by this m et ho d are  a l s o h ig hly  r epr oduc ib le .  
E i gh t  identical  leaves were  incub ate d with [32P] 5 d a y s  a f ter  inocul a t i on  with T M V .  [32P] 
i n c o r p o r a t i o n  into r - R N A  w a s  5 0 4 0 1 3 5 6  ct/min//ig D N A  (m ea n ± s t a n d a r d  error)  f r o m  
eight s a m p l e s  t aken f r om a single l e a f  f rozen on sol id C O .  and  cr us hed f inely b ef or e  s a m p ­
ling, a n d  4 8 0 7 1 6 7 8  ct/min///g D N A  f r o m  eight s a m pl e s  t aken f r o m  eight di f ferent  leaves.  
T h e  s t an da r d  e rr ors  s h o w  that the va r ia t i o n between leaves  w a s  larger  t h an  bet ween
repl icate  d e te r m i n a t i o n s  on the s a m e  leaf.  T h e  a m o u n t  o f  va r ia t i o n bet ween s a m p l e s  
f r om  di f ferent leaves  w a s  s m a l l er  than the d i f ferences  between treat ment s  to be r epor t ed  in 
the results.
A s  a che ck o n  the r ep roduc ib i l i ty  o f  the t im ec our se s  o f  r - R N A  a n d  T M V - R N A  syntheses  
a f t er  infect ion o r  in c o n tr o l  t issue,  e a c h  o f  the e x p er i m en t s  o f  F igs .  3,  4 a n d  5 w a s  car r ie d 
out  three times.  O ne  e x a m p l e  is s h o w n ;  repeat  e x pe r i m e n t s  g a v e  s imi l ar  curves .
R E S U L T S  
Kinetics 0 / P 2/5] incorporation
I n c o r p o r a t i o n  o f  P 2P] into the r - R N A  o f  de ta che d,  he al thy  leaves  a nd  into T M V - R N A  
in infected leaves  con t i nu ed  f or  at least 50 h. T h e  rate o f  i n c o r p o r a t i o n  d e cr e as ed  o n l y  
s l ight ly with t ime (F ig .  2). T h e  rate o f  P 2P] i n c o r p o r a t i o n  into r - R N A  in T M V - i n f e c t e d  
leaves  c ou ld  c h a n g e  s u d de nl y ,  as  s h o w n  in Fig .  2,  d e p e n d i n g  on the t ime a f te r  i n oc ul a t ion .  
T h i s  w a s  the result  o f  c ha n g e s  in the i ns ta nt ane o us  rate o f  r - R N A  synthesis ,  to be d e m o n ­
strated bel ow.  A n  i n cub at ion  t ime o f  5 h w a s  c hos en  f o r  the m e a s u r e m e n t  o f  the ‘ i n s ta n­
t a n e o u s ’ rate o f  r - R N A  o r  T M V - R N A  synthesis .  T h i s  a l l o w e d  suff icient label l ing f or  
a c c u ra t e  m e as u r e m e n t ,  a nd  w a s  in the e ar ly  par t  o f  the i n c o r p o r a t i o n  c u rv e  w he re  i n c o r ­
p or a t i o n w a s  near  l inear  with t ime.  B y  5 h, the relat ive a m o u n t  o f  l abe l l ing  o f  the r - R N A  
p re c u r s o r  ( R o g e r s ,  L o e n i n g  &  F ra s er ,  1970)  w a s  t o o  smal l  to c a u se  s igni f icant  e rr o rs  in 
es t imates  o f  [32P] i n c o r p o r a t i o n  into T M V - R N A ,  w h ic h  has a s imi lar  e le ct ro pho re t i c  
mobi l i ty .
Synthesis o fT M V -R N A
Y o u n g  leaves  were  s e c on da r i l y  infected with T M V  strain vulgare ( Ni l s s o n- T i l l g r e n  el al.
1969).  T h e  first sign o f  v i rus  in the y o u n g  leaves  w a s  [32P] i n co r p o r a t i o n  into T M V - R N A ,  
detectabl e  3 d a y s  a f ter  p r i m a r y  i n ocul a t ion  o f  the l ow er  leaves  ( F i g .  3). B y  this t ime the le a f  
w a s  4 c m  long.  T h e  synthes is  o f T M V - R N A  w a s  at  a  m a x i m u m  b et we en 3 a n d  6 d a y s  
a ft er  the first detect ion o f  v i rus  R N A  synthesis ,  then decl ined s l o w l y  unti l  a ft er  2 5  d a y s  
110 pulse- label l ing w h a t s o e v e r  o f  T M V - R N A  c ou ld  be detected.  T h e  c on c e n t ra t i o n  o f  
T M V - R N A  in the l e a f  rose rap id l y  d u r in g  vi rus  R N A  s ynthes i s  a n d  b e c a m e  con st an t  
a ft er  s ynthes i s  dec l i ned,  at  a level o f  0-5 m g  T M V - R N A / g  fresh we ight  o f  leaf.
T h e  leaves  pr i mar i l y  i nocul at ed w'hen 10 c m  l o n g  g r e w  to a m a x i m u m  length o f  1 7  cm.  
In i’M/gare-infected leaves ,  T M V - R N A  synthes i s  w a s  de tect abl e  b y  [32P] i n co r p o r a t i o n  
1 d a y  a f ter  inocul at ion ,  w a s  at a m a x i m u m  rate 3 d a y s  a f t er  in oc ul a t i on  then g r a d u a l l y  
dec l i ned (Fi g.  4). T h e  T M V - R N A  content  o f  the l e a f  increased in a s ig moi d  f as hi on  and  
b e c a m e  const ant  a f t er  10 days .
In leaves i nocul at ed  with strain vulgare a ft er  they had re ac he d their m a x i m u m  length o f  
17 c m,  1 ’ulgare R N A  s ynthes i s  and  a c c u m u l a t i o n  f o l l ow ed  t i me co urs es  s imi lar  to those  
ob se r ve d  when 10 cm leaves  were  inocul at ed ,  exce pt  that  the initial  lag in T M V - R N A  
synthes is  w a s  short er  a nd  the final a m o u n t  o f T M V - R N A  w a s  less a n d  w a s  r e ac he d  ear l i er  
(F ig .  5).
T h e  mult ipl icat ion o f  T M V  strain f!avum  w h en  10 o r  17  c m  leaves  w er e  infected w a s  
rather  di fferent f r o m  the vulgare mul t i pl icat ion pattern.  Flavian repl icated to reach an R N A  
con ce nt ra t io n  only  a b o u t  40 °,j o f  that reached by vulgare ( Fi gs .  4, 5). T h e  a c c u m u l a t i o n  
o f  flavuni-RN A  lasted if a n y t h i n g  o n l y  s l ight ly longer  than vulgare- R N A  a c c u m u l a t i o n .  
P 2P] - incorpora t ion c ur ves  s h o w  that the label l ing o f / / n i w » - R N A  tended to bui ld up m or e  
s l o w ly  than vulgare-RN A  label l ing,  but that  flavuni- R N A  label l ing re ma i ne d  at a  high
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Fig. 2 . Kinetics o f  [3 '-P ]-o r thophosphate  in co rp o ra t io n  in to  r -R N A  a n d  T M  V -R N A  in heal thy  an d  
T M V  stra in  vulgare infected leaves. T w o  days before the [ 3 "P] in cuba t ion ,  leaves 1 3  cm  long 
were inocu la ted  with vulgare  o r  sterile p h o sp h a te  buffer;  4  5  h a f te r  the s ta r t  o f  the [ 3 3 P] incuba t ion ,  
sam ples  o r  co n tro l  an d  T M V -in fcc te d  leaves were cut  in to  str ips 2 x 1 0  m m  a n d  infil trated u nde r  
v a c u u m  with ei ther  sterile w ate r  (A) o r  5 0  /¿g/ml ac t inom ycin  D (B). T h e  leaf  str ips were floated on 
w ate r  o r  ac t inom ycin  D so lu tion  in Petri dishes, u nde r  co n t in u o u s  i l lumina tion .
(A) — O ,  I“ P] inco rp o ra t io n  into r -R N A  o f  healthy leaf; A - - A ,  [3 2 P] in co rp o ra t io n  into
r -R N A  o r  T M V -in fec ted  leaf; [ 3 2 P] in co rp o ra t io n  in to  T M V - R N A .
(B) A f te r  infil tra tion with ac t inom ycin  D  a t  4 - 5  h. © ® ,  [ 3 '-P] in r - R N A  o f  hea l thy  leaf;  A — A ,
[ 3 -P] in r -R N A  o r  T M V -in fec ted  leaf.
level l ong  a ft er  the rate  o f  vulgare- R N A  synthes is  had d r o p p e d ,  a n d  a ft er  a  s te a dy  Jiavum - 
R N A  level in the l e a f  had been reached.
r-R N A  synthesis
In the he al thy  t o b a c c o  leaf,  the rate o f  r - R N A  s ynthes i s  rose to a m a x i m u m  w h e n  the le a f  
had reached between 60 a nd  80 %  o f  its m a x i m u m  length ( Fi gs .  3,  4). T h i s  is s l ight ly  b ef or e
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Fig. 3 . r -R N A  anil T M V - R N A  synthesis  a f te r  seco n d ary  infection  o f  sm all  leaves by T M V  stra in
vnli’ciri'.
(A) [:I-P] in co rp o ra t io n  du r in g  a 5  h in cuba t ion  in to  r - R N A  o f  hea l thy  ( - ) a n d  T M V -
infected lea \cs  ).
(II) . P JPJ in co rp o ra t io n  in to  T M V - R N A ;  7  /tg T M V - R N A / / tg  D N A .
(C) C hanges  ¡ 1 1  leaf  length with t ime a f te r  inocu la t io n :  •  9 ,  hea l thy  leaf; A - - A ,  T M V -
inlecled leaf.
the peak in leal r - R N A  content ,  whi ch  o c c u r s  at a b o u t  the t ime w h en  m a x i m u m  length is 
reached ( F r a s e r ,  1972) .  T h e  rate o f  r - R N A  synthes i s  in the heal t hy  le a f  decl ined as  the l e a f  
aged.  T h e  low,  fa i r ly  s table  rate o f  [3-P] i n c o r p o r a t i o n  into r - R N A  in ag ed  leaves  ( F i g .  5) 
w a s  a b ou t  one q u a r t e r  of  the m a x i m u m  rate re corde d in y o u n g  leaves  ( F i g .  4).
W he n a 4 cm long l e a f  w a s  infected by T M V  strain 1>ulgare (F ig .  3), r - R N A  synthes is  
began to decl ine as s o on as  T M V - R N A  s ynt hes is  b e c am e  detectabl e,  then s tayed at  a 
const ant ,  l ow  rate.  r - R N A  synthes is  did not rise a f t er  the end o f  T M V - R N A  synthesis .
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Days a l ler  inoculat ion
Fig. 4 . r -R N A  a n d  T M V - R N A  synthesis  a f te r  p r im a ry  inocu la t ion  o f  to  cm  long leaves.
(A) [ ^P ]  in c o rp o ra t io n  du r in g  a 5  h in cuba t ion  in to  r - R N A  o f  healthy  ( O — O ) ,  T M V  stra in  
ra/i'flce-infected ( A — A ) a n d  T M V  stra in  fla vu m -infected leaves ( □ — □).
(B) [a-P] in c o rp o ra t io n  into T M V - R N A :  A — A , vidgarc ; □ — □ ,  flavum .
(C) C ha n g es  in leaf  con ten t  ( / 'g / / 'g  D N A )  o f  T M V - R N A :  A - - A ,  vidgare ; E3— a , fla vu m .
When 10 or 17 cm long leaves were infected with virus (Figs. 4, 5), the subsequent pattern 
o f  r-R N A  synthesis was very different from that in healthy leaves. In the first day after 
inoculation, [3-P] incorporation into r-R N A  in virus-infected leaves rose to a level higher 
than in control leaves. The post-inoculation stimulation o f r-R N A  synthesis in older leaves 
was not a result o f rubbing the leaf during primary inoculation. The control leaves were 
sham-inoculated and showed no stimulation o f r-R N A  synthesis. A  com parison between 
two healthy leaves, one sham-inoculated 1 day previously and one not, showed no signi­
ficant difference in the rate o f [3-P] incorporation into r-R N A .
Following the initial stimulation, r-R N A  synthesis in infected leaves dropped to a level 
below that in control leaves. This reduced rate o f r-R N A  synthesis coincided with the main 
period o f accumulation o f T M V -R N A . Finally, after the end o f T M V -R N A  accumulation,
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Days af ter  inoculation
Fig. 5 . r - R N A  a n d  T M V - R N A  synthesis  a f te r  p r im a ry  inocu la t ion  o f  1 7  cm  lo n g  to b acco  leaves.
(A) [:‘-P] in co rp o ra t io n  d u r in g  a 5  h incuba t ion  in to  r -R N A  o f  heal thy  ( O — O ) ,  T M V  strain  
vi/feare-infected (A - - A )  an d  T M V  strain  f la v u m - infected leaves ( □ — □).
(B) [ 3 -P] inco rp o ra t io n  in to  T M V - R N A :  A — A , vttlgarc, [ j —
(C) C h a n g es  in leaf  con ten t  (/'g//<g D N A )  o f  T M V - R N A :  A — A , vu lgare ; ■ — H, flavum .
the rate o f r-R N A  synthesis in infected leaves again rose. In leaves inoculated when 10 cm 
long, the rate o f r-R N A  synthesis after the end o f T M V -R N A  synthesis was higher than in 
control leaves for some days. This was especially true o f leaves infected with T M V  strain 
flavum. The late increase in r-R N A  synthesis in leaves inoculated when 17 cm long was also 
more pronounced with flaviim than with vulgare, but for both strains was less than the 
increase in leaves inoculated when 10 cm long.
Fig. 6 shows the results o f an experiment which examined the effects on r-R N A  synthesis 
o f T M V  multiplication in young leaves which had been artificially forced into a state
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Fig. 6 . r - R N A  a n d  T M V - R N  A label ling in tobacco  p lantlcls.  T o b a c c o  p lan t le ts  were grow n on acid- 
w ashed  sa n d  with com ple te  m ineral  nu t r ie n t  so lu t ion .  W hen  the longest leaf was 4  to  5  cm  long, the 
roo ts  were w ashed  free f rom  sa n d  an d  placed in de ionized  water .  Leaves m o re  th a n  1  cm  long were 
inocu la ted  with T M  V s tra in  vulgure 2 o r  6  days  a f te r  t ransfe r  to w a te r  cu l tu re .  C o n t ro l  p lan ts  were 
sh a m -in o cu la ted  with sterile p h o sp h a te  buffer. F o r  [ 3 -P] incuba t ions ,  p lantle ts  w ere placed with 
their  roo ts  in 0  5  m C i [:,2 P ]-o r th o p h o sp h a te  in 0  3  ml water .  T h is  w as taken  up  with in  9 0  m in .  T h e  
p lan ts  were then supplied  with deionized  w ate r  for  the re m a in d e r  o f  the 5  h incuba t ion .  [ 3 -P] 
in c o rp o ra t io n  in to  r -R N A  ¡ 1 1  hea l thy  ( — ) a n d  T M V -in fcc le d  p lan ts  ( #  —  © ),  a n d  [ 3 -P]
in c o rp o ra t io n  in to  T M V - R N A  ) were de te rm ined .
similar to senescence in older leaves. The rate o f r-R N A  synthesis in young tobacco plantlets 
grown in sand with mineral-nutrient solution drops rapidly when the plantlets are trans­
ferred to deionized water culture. The content o f r-R N A  falls. Infection o f the plantlets 
with T M V -vu fgare  2 days after transfer, while the decline in r-R N A  synthesis rate was 
rapid, slowed the decline. Infection with T M V  6 days after transfer, when the rate o f 
r-R N A  synthesis had stabilized at a low level, led to an r-R N A  synthesis rate three times 
the control value.
r -R N A  turnover
1 tried to measure directly the effects o f T M V  infection 011 the rate o f r-R N A  degradation 
in vivo. Leaf tissue was labelled with [:1-P] then infiltrated with actinomycin D at a concen­
tration o f 50 /fg/ml, which is sullicient to stop all further r-R N A  synthesis. Changes in the 
radioactivity o f r-R N A  after administration o f actinomycin D then represent a degradation 
timecourse. Fig. 1 shows that radioactivity was lost more slowly from r-R N A  in TM V - 
infected leaves than in control leaves. The half-life o f r-R N A  in healthy leaves, under these 
experimental conditions, was 40 h, in TM V-infected leaves about 80 It.
D I S C U S S I O N  
T M  I '-R N A  synthesis
The kinetics o f T M V  multiplication are now well documented. Com m oner et at. ( 1950) 
recorded the curve o f increase o f  T M V  coat-protein. Kubo &  Tom aru ( 1968) reported 
changes in the incorporation o f [®H]-uridine and [“ CJ-valine into T M V  and changes in 
infectivity after infection. Fraser ( 1972) showed the pattern o f T M V -R N A  accumulation 
and how this varies with virus strain and the age o f leaf infected. The data for incorporation
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o f [:I2P] into T M V  strain vulgare R N A  and vulgare R N A  accumulation shown in Figs. 3 to 5 
are consistent with these earlier reports. Two features o f the results, however, are new.
Twenty-five days after infection o f young leaves by vulgare, no incorporation o f [32P] 
into T M V -R N A  could be found at all (Fig. 3 B). This was not merely a result o f general 
debilitation o f leaf synthetic capacity, as the leaf was still capable o f r-R N A  synthesis at 
this time (Fig. 3 A ). A failure, exhaustion or inhibition o f some part o f the T M V -R N A  
synthesizing mechanism is implied.
The multiplication o f T M V  strain flavu in  R N A  followed a pattern different from that o f 
vulgare R N A . A high rate o f [3-P] incorporation into flavum  R N A  was maintained even after 
net accumulation o f  flavuin  R N A  in the leaf had ceased. In contrast, the rate o f  vulgare 
R N A  synthesis fell away before the maximum vulgare R N A  concentration was reached 
(Figs. 4, 5 ). It is possible that flavum  R N A  is not completely stable, and turns over, or that 
flavum  coat-protein synthesis later in infection is insufficient to build degradation-resistent 
virus particles with all the //av«i»-RN A  synthesized. The kinetics o f [32P] incorporation 
into, and accumulation o f vulgare R N A  are consistent with its being highly stable.
r-R N A  synthesis im m ediately a fter infection
In the first 1 or 2 days after infection, r-R N A  synthesis was inhibited in leaves infected 
when 4 cm long; vastly stimulated in leaves infected when to cm long and slightly stimulated 
in leaves infected when 17 cm long (Figs. 3 to 5 ). When young leaves were artificially forced 
into a senescent phase, a stimulation o f r-R N A  synthesis followed infection (Fig. 6). Kubo 
( 1966) reported a stimulation o f R N A  synthesis shortly after infection with T M V . K ubo &  
Tom aru ( 1968) found no stimulation o f [3H]-uridine incorporation into 8 0 S ribosomes 
after T M V  infection o f young leaves, but a stimulation o f incorporation in older leaves. 
There is therefore a fundamental difference in the response o f young, and older or senescent 
tissues to T M V  infection.
T M V  infection can certainly block leaf growth, measured by increases in length, weight, 
D N A , r-R N A  and t-R N A , if the leaf is infected while very young, e.g. about 1-5 cm long. 
By the time the leaf reaches a length o f 5 cm, its further growth, measured by all these 
parameters, is substantially resistant to inhibition by T M V  (Fraser, 1972). Leaves infected 
when 4 cm long (Fig. 3 ) were intermediate between these two cases. Certain parameters 
o f growth, such as length increase (Fig. 3 C) and D N A  increase (not shown) were but 
marginally inhibited by T M V  infection; the increasing rate o f r-R N A  synthesis which is a 
part o f leaf growth could still be inhibited. It is remarkable that the infected leaves were 
able to treble their length, and to grow almost as well as healthy leaves, despite severely 
curtailed r-R N A  synthesis.
The amount o f early stimulation o f r-R N A  synthesis after infection o f older leaves 
declined with the age o f the leaf. This was probably a result o f the inability o f older, 
senescent leaves to support vastly increased r-R N A  synthesis. The relatively small amount 
o f T M V -R N A  synthesized (Fig. 5 ) is another guide to the impaired synthetic capacity o f 
very old leaves.
r-R N A  synthesis during T M V -R N A  accumulation
During the major T M V -R N A  accumulation in the leaf, r-R N A  synthesis in all ages o f 
leaf infected was depressed to less than one half o f the control leaf level (Figs. 3 to 5 ). A t the 
time o f maximum T M V -R N A  synthesis, leaves infected with vulgare when 4 cm long showed 
a level o f [32P] incorporation into T M V -R N A  four times the [:i2P] incorporation into r-R N A , 
a convincing demonstration o f how much the R N A  metabolism o f the young leaf is turned 
over to virus R N A  synthesis. Corresponding values for vulgare R N A  labellin g :r-R N A
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labelling in older leaves were 1 -4 : 1  in leaves infected when 10 cm long and o-6:1  when 
17 cm long leaves were infected. These results are consistent with the final virus concentra­
tions reached, which are highest in young leaves (Figs. 3 to 5 ; Fraser, 1972). Kubo &  Tomaru 
( 1968) reported a decrease in the rate o f incorporation o f  [3H]-uridine into 8 0 S ribosomes 
at this time after infection. Pring ( 19 7 1 ) also found in barley strip mosaic virus-infected 
barley leaves that more [32P] was incorporated into virus R N A  than into host R N A , and 
that host R N A  synthesis was reduced during virus R N A  synthesis.
It is tempting to try to explain the lowered rate o f r-R N A  synthesis during T M V -R N A  
synthesis as a result o f the competition by T M V -R N A  synthesis for nucleotides. But 
com parison o f the rates o f synthesis and accumulation o f  flavum  and vulgare R N A s (Figs. 
4, 5 ) suggests that the competitive inhibition o f r-R N A  synthesis from flavum  R N A  synthesis 
should be much less than from vulgare R N A  synthesis. Actually the inhibitions o f r-R N A  
synthesis by the two strains were very similar, suggesting that there may be some non­
competitive inhibition o f r-R N A  synthesis. One case is already known o f an inhibition o f a 
specific R N A  synthesis by non-competitive means after T M V  infection. Just after infection, 
while cytoplasmic r-R N A  synthesis is unimpaired or stimulated, chloroplast r-R N A  
synthesis is completely inhibited (Fraser, 1969; Hirai &  Wildman, 1969).
The considerable T M V -R N A  synthesis during this period makes it unlikely that the 
reduction o f [32P] incorporation into r-R N A  was caused by some effect o f infection on 
nucleotide pool size or rate o f incorporation o f inorganic phosphate into nucleotides.
r-R N A  synthesis fo llow ing  T M V -R N A  accumulation
r-R N A  synthesis after the major T M V -R N A  accumulation remained inhibited in leaves 
infected when 4 cm long and rose in leaves older when infected. Clearly the amount o f 
stimulation or inhibition o f r-R N A  synthesis after the end o f T M V -R N A  synthesis is 
similar to the degree o f stimulation or inhibition o f r-R N A  synthesis immediately after 
infection in each o f the three ages o f leaf infected. Taking the universal depression o f r-R N A  
synthesis during T M V -R N A  accumulation as a result o f separate factors, possibly competi­
tive, there are two ways o f looking at r-R N A  synthesis after T M V -R N A  synthesis has 
declined. The effect o fT M V  on r-R N A  synthesis seen immediately after infection may be a 
long-standing one, which reappears after the separate inhibition by multiplying T M V -R N A  
has lessened. The alternative explanation is based on an effect o fT M V  infection on leaf 
development. The losses o f r-R N A  and t-R N A  content which are features o f normal leaf 
senescence arc retarded in TM V-infected older leaves, i.e. T M V  blocks the senescent phase 
o f development, just as it blocks the growth phase in infected young leaves (Fraser, 1972). 
The falling rate o f r-R N A  synthesis is also a facet o f leaf senescence (Figs. 3 to 5). A blocking 
o f this by T M V  would lead to a rate o f r-R N A  synthesis higher than in control leaves after 
the ending o f the separate inhibition o f r-R N A  synthesis during T M V -R N A  accumulation. 
This is what occurs (Figs. 4 , 5 ). It is consistent with this theory that flavum  was always 
found to give a greater rise in late r-R N A  synthesis than vulgare, as fla vu m  also caused 
greater retardation than vulgare o f  the losses o f r-R N A  content during ageing (Fraser, 1972).
In TM V-infected, cultured tomato root-tips (R. S. S. Fraser, U. Klopfer &  D. A. Green­
berg, in preparation) we have found a similar stimulation o f r-R N A  synthesis after the 
ending o f TM  V -R N A  synthesis. In the healthy root, r-R N A  synthesis declines with distance 
from the tip. T M V -R N A  synthesis is localized behind the tip. Cells further from the tip, 
in which T M V -R N A  synthesis has slowed, have r-R N A  synthesis rates much higher than 
in healthy root-tips.
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r-R N A  turnover
The retardation by T M V  o f the loss o f r-R N A  content during leaf ageing could be 
caused by a stimulation o f r-R N A  synthesis or an inhibition o f in vivo degradation. C on­
sidering the varied but often inhibitory effects o f T M V  on r-R N A  synthesis (Figs. 4, 5) it 
seems unlikely that the maintenance o f higher r-R N A  content in older leaves is significantly 
due to increased r-R N A  synthesis. The results o f Fig. 1 suggest that r-R N A  content is 
maintained because T M V  infection slows the rate o f  in vivo degradation o f r-R N A . This 
conclusion assumes that actinomycin D had no effect on r-R N A  degradation and that 
r-R N A  degradation was unaffected by the complete cessation o f r-R N A  synthesis.
Ribosom es and T M  V multiplication
Infection by T M V  forces the leaf to synthesize a vast amount o f virus coat-protein, 
which requires ribosomes. T M V  has very varied effects on r-R N A  metabolism, but most o f 
these result in situations favourable for virus multiplication. The inhibition o f r-R N A  
synthesis during T M V -R N A  accumulation reduces the competition for nucleotide sub­
strates. Several effects combine to ensure that a high ribosome concentration is created for 
T M V  protein synthesis: r-R N A  synthesis is stimulated before and after T M V -R N A  synthesis 
in older leaves; the normal loss o f ribosomes during senescence is retarded. The permanent 
and severe inhibition o f r-R N A  synthesis when young leaves are infected can be o f little 
significance for coat-protein synthesis, as the actual ribosome concentration in young 
leaves is much higher than in older leaves.
It is not known how T M V  stimulates or inhibits r-R N A  synthesis: whether the influence 
is through intermediary metabolism or if there is a direct elfect on gene activity. The effects 
o f T M V  on growth and senescence o f leaves open up the possibility o f T M V  influencing 
messenger R N A  synthesis involved in the control o f leaf development. An indication o f the 
degree o f sophistication o f the control by T M V  over leaf R N A  metabolism is provided by 
the following simultaneous effects o f fiavum : stimulation o f cytoplasm ic r-R N A  synthesis 
(Fig. 4); retardation o f in vivo degradation o f r-R N A  (Fraser, 1972); inhibition o f chloro- 
plast r-R N A  synthesis and acceleration o f in vivo degradation o f chloroplast r-R N A  
(Fraser, 1969).
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The Synthes is  of TMV- R N A  a n d  Riboso m al  R N A  in Cultured 
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Cultured tomato root tips were infected with tobacco mosaic virus (TMV). The 
synthesis of TMV-RNA and ribosomal RNA was measured in healthy and TMV-in- 
fected roots by 32P labeling and polyacrylamide gel electrophoresis. The region of 
most active TMV-RNA synthesis was 20-60 mm behind the tip. TMV-RNA was just 
over 4% of the total nucleic acid present in the entire infected root culture. Incorpora­
tion of 32P into ribosomal RNA was greatly stim ulated by TMV infection. This is dis­
cussed in relation to the increased size of the 32P pool in roots infected by TMV: it is 
concluded th a t TMV infection stim ulates ribosomal RNA synthesis. The region of
the infected root showing high stimulation 
the area of high TMV-RNA synthesis.
INTRODUCTION
Cultured tomato root tips may be in­
fected with tobacco mosaic virus (TMV) 
(White, 1934; Bergmann, 1958). Studies by 
infectivity assay of the distribution of viruses 
in root tips have suggested that the apical 
moristem is uninfected (Crowley and Han­
son, 1960; Smith and Schlegel, 1964). We 
have studied the distribution of TMV-RNA 
synthesis along the length of the root tip, 
and have shown differences in the rates ot 
ribosomal RNA (rRNA) synthesis along 
healthy and infected root tips.
MATIfRIALS AND METHODS
Roots and Inoculation
Tomato roots were cultured in W hite’s 
(1934) medium and infected with TMV 
strain vulgare as described by Bergmann 
(1958). All cultures used were derived from 
a single tomato seedling. Subculturing was 
performed at intervals of 2-3 weeks. The 
inoculum for a subculture was the apical 40
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f ribosomal RNA synthesis coincided with
mm of a lateral root on the parent root cul­
ture. This inoculum grew to be about 200 
mm long in 2-3 weeks, developed lateral 
roots, and in turn served as parent root for 
further subcultures. RNA synthesis was 
examined in roots 60 and 200 mm long, two 
passages after infection of the culture with 
TMV or sham inoculation of control roots. 
The maintenance of high levels of infec­
tivity in TMV-infected root tip lines (Berg­
mann, 1959) was checked by infectivity 
assay on leaves of ‘Xanthi-nc’ tobacco.
3-P  Incubation and R N A  E xtraction
Individual root tips were placed on a glass 
plate and covered with a thin film of W hite’s 
medium lacking phosphate but containing 
1.3 mCi [32P]orthophosphate per ml (Radio­
chemical Centre, Amersham, U. K.; sp act 
84 Ci per mg R). After 70 min at 24°C, the 
roots were returned to their original culture 
medium, containing 0.14 mil/ phosphate, 
for a 6-lir “chase” incubation. The roots 
were then chilled and cut transversely into 
segments 5-60 mm long. Lateral roots were 
discarded. Each segment was homogenized 
in 20 vol of Tris-HCl 50 m il/; pH 7.S at 0°C; 
sucrose 0.3 71/; KC1 50 m il/; Mg(CH:iCOO)2
5
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1  m il/ ; clithiothreitol 5 m il/ in an Eppendorf 
] .5 ml conical centrifuge tube fitted with a 
tapering Teflon pestle motor driven at 200 
rpm. W ith this apparatus as little as 20 ¿d 
could be homogenized. N ucleic acids were 
extracted from  the homogenate b y a deter- 
gents-phenol procedure which gives a high, 
reproducible yield  (Fraser, 19 7 1) .
T h e total pool of 32P  in each root segment 
was estim ated roughly b y counting aliquots 
of the supernatant fraction rem aining after 
alcohol precipitation of the extracted nucleic 
acids.
R N A  w as fractionated on 2 . 1%  po ly­
acrylam ide gels (Loening, 1967) for 3.5  hr 
a t 5 m A  per gel, 7 V  per cm gel length. The 
gels were scanned a t 265 nrn in a Jo yce -L o e b l 
“ Chrom oscan”  for the distribution of uv- 
absorbing nucleic acid peaks. A fter freezing 
in solid C 0 2, the gels were sliced tran s­
versely  a t 0.5-m m  intervals, the slices were 
dried, and the radioactiv ity  in each slice was 
measured in a P ackard  460 gas-flow system . 
T yp ica l u v  absorbance and radioactiv ity  
scans of gels are shown in F ig . 1 . The total 
incorporation of 32P  into T M V - R N A  or
F i g . 1. Polyacrylamide gel electrophoresis of 
nucleic acids from tomato root tip cultures. A. 
32P-labeled nucleic acids from a healthy root. B. 
32P-labeled nucleic acids from a TMV-infected 
root. C. Ultraviolet absorbance scans of gels of 
nucleic acids from a TMV-infected root and from 
purified TMV particles. The peaks are: at 12-15 
mm, l)NA; at 30 mm, TMV-RNA, and at 45 and 
03 mm, ribosomal UNA. Electrophoresis was from 
left to right.
r R N A  was calculated from the sum  of the 
radioactiv ities of the individual gel slices 
composing the rad ioactiv ity  peaks for T M V - 
R N A  or the two ribosom al R N A s , allowing 
for the background of polydisperse labeling 
on the gel.
RESULTS
H ealth y and virus-infected roots grew in 
length a t the sam e ra te ; this agrees with the 
results of Bergm ann (195S). H ow ever, virus- 
infected roots were noticeably thicker than 
h ealth y roots. T M V -in fected  root cultures 
began to show necrosis of the 2 -3  cm at the 
cut end by the tim e they had grown in length 
to about 150 -20 0  mm.
T M V - R N A  was detectable as a uv ab­
sorption peak on a gel of nucleic acid ex­
tracted from  an infected, 200-mm-long root 
(Fig . 1C ) . T M V - R N A  w as calculated from 
its peak area on the u v  absorption scan 
(Fraser, 19 7 1)  to be just over 4 %  of the total 
nucleic acid present in the whole 200-mm- 
long root.
Figures 1 A  and I B  show typ ical examples 
of 32P  incorporation into nucleic acids of 
root segments. D N A  synthesis was detect­
able in all segments of 60-mm-long roots, 
but only in the apical 100 mm of 200-mm- 
long roots. The meristem , the region of most 
active division, is localized in the apical 1 
mm of the root. T h e persistence of D N A  syn­
thesis so fa r  back into the root was probably 
due to endopolyploidy and m aintained cell 
divisions, such as those associated with 
lateral root form ation.
M ost of the 32P  incorporation into high 
m olecular-weight R N A  was into the two 
ribosom al R N A s. The long chase incubation 
in 31P-containing medium was necessary to 
rem ove rad ioactiv ity  from  the rR N A  pre­
cursor (Rogers, Loening, and Fraser, 1970) 
which has an electrophoretic m obility simi­
lar to th at of T M V -R N A . T h e gel of healthy 
root nucleic acids (Fig. lA )  showed no sig­
nificant labeling of rR N A  precursor. The 
peak of labeling at 30 mm in the gel of 
nucleic acid from  T M V -in fected  root was, 
therefore, identified as T M V -R N A . This 
was substantiated by the identity of its 
electrophoretic m obility with th at of T M V - 
R N A  extracted from purified virus (Fig. 1C ).
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Its base composition was also found to be 
that of T M V -R N A .
Incorporation o f 3-P  in to  R N A  at V ary ing  
D istances fro m  the Root T ip
The data on the distribution of 32P  incor­
poration shown in F igs. 2 and 3 were m eas­
ured on single infected and control roots, as 
this gives a clearer picture of the situation 
within the individual root. T h e results pre­
sented are typ ical of several experim ents.
The pool of 32P  in 60-mm-long healthy 
roots was high near the tip then fell aw ay 
with distance from  the tip (Fig . 2). In  00- 
mm-long T M V -in fected  roots, the pool of 
32P in the older part of the root was about 
five times the level in the control, healthy 
root. The total 32P  uptake by a T M V -in ­
fected GO-mm-long root during a  70-nun 
incubation w as 15 %  of the 32P  supplied. |
Fie.. 2. Changes, with distance from the tip, in 
60-mm-long roots, in 32P pool size (relative units)
in healthy ( # ------#> and TMV-infected ( A - - A )
roots; changes in the rate of incorporation of 32P 
into TMV-RNA in TMV-infected roots (□ — □ ); 
and changes in the rate of incorporation of :I2P
into ribosomal RNA in healthy (O  O ) and
TMV-infected (A— A) roots.
100
mm from tip
F i g . 3. Changes, with distance from the tip, in 
200-mm-long roots, in t he rate  of incorporation of 
32P into TMV-RNA in TMV-infected roots 
( □ - - □ ) ,  and in the rate  of incorporation of 32P
into ribosomal RNA in healthy (O O) and
TMV-infected (A - - A )  roots.
In  200-mm-long roots, the size of the 32P  
pool in T M V -in fected  roots w as again higher 
than in healthy roots for much of the length 
of the roots. In  both healthy and T M V - 
infected roots, the pool size declined sharply 
in the region 150 -20 0  mm from the tip.
T he incorporation of 32P  into T M V -R N A  
was low in the first 10  or 20 mm of infected 
60- and 200-mm-long roots (Figs. 2 and 3). 
The m axim um  rate of incorporation of 32P  
into T M V - R N A  was in the region 20-40 mm 
behind the tip in roots GO mm long and 
20-80 mm behind the tip in 200-mm-long 
roots. The incorporation of 32P  into T M V -  
R N A  declined in the older parts of the root; 
in the last 100 mm of 200-mm roots, very  
little S2P  labeling of T M V -R N A  occurred.
In  the healthy, 60-mm-long root, the 
incorporation of S2P  into ribosom al R N A  
was at a high level in the first few centi­
meters after the tip, then declined tow ard 
the end of the root (Fig. 2). In  200-mm-long 
roots, there was a sim ilar pattern, but there 
was a second region of high ribosomal R N A  
labeling between GO and 120  mm. T h is was 
the region where lateral root initiation was 
apparent (Fig . 3).
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T h e distribution of incorporation of 32P  
into ribosom al R N A  along T M V -in fected  
roots was in direct contrast to that in healthy 
roots. The rate of incorporation increased 
with distance from  the tip or from close 
behind the tip (Figs. 2 and 3), until 50 or 
00 mm behind the tip. A t this point in the 
root the rate of incorporation of 32P  into 
ribosomal R N A  in infected roots could be 
as much as 10  tim es the rate in healthy 
roots. In  200-mm-long infected roots, the 
rate of incorporation of 32P  into ribosom al 
R X A  declined drastically 60-200 mm behind 
the tip (Fig. 3).
In  200-mm-long infected roots (Fig. 3), the 
region of stim ulated incorporation of 32P  
into ribosom al R N A  coincided with the 
location of highest labeling of T M V -R N A . 
In  60-mm-long infected roots (Fig. 2), incor­
poration of 32P  into ribosom al R N A  was 
high a t the point of m axim um  labeling of 
T M V -R N A , but continued to increase with 
distance from  the tip, while T M V - R N A  
labeling declined slightly.
DISCUSSION
We have tried to measure rates of T M V -  
R N A  and ribosom al R N A  synthesis in d if­
ferent regions of infected and healthy roots 
by  measuring the incorporation of 32P  into 
R N A . A  m ajor problem with this technique 
is th at differences in 32P  incorporation could 
arise in two w ays: 1 .  B y  changes in the rate 
of m acrom olecular synthesis. 2. B y  changes 
in the size of precursor pools or the rate of 
entry of isotope into the pool. F o r exam ple, 
it could be argued that the distribution of 
T M V -R N A  labeling along the root (Fig. 2) 
m erely reflects changes in the size of the 
32P  pool along the root, and that the higher 
32P incorporation into ribosom al R N A  in 
virus-infected roots is a result of the 32P  
pool being larger in infected roots than in 
control roots. We have two reasons for rejec­
ting these interpretations and regarding the 
32P  incorporation as a meaningful measure 
of R N A  synthesis.
1 . Figure 4 shows the results of Fig. 2 
replotted on a per unit p o o l32! ’ basis. C learly  
the distribution along the root of 32P  labeling 
of T M V -R N A  is sim ilar whether the re­
sults are expressed as total incorporation
mm from tip
F i g . 4. Changes, with distance from the tip, in 
60-mm-long roots, in the incorporation of 32P into 
RNA, expressed per unit 32P pool size (relative
units). O  O rRNA in healthy roots; A --A
rRNA in TMV-infected roots; □ — □  TMV- 
RNA. These data were derived from the data 
shown in Fig. 2.
(Fig. 2) or as incorporation per unit pool 
32P  (Fig. 4). Therefore, changes in the rate 
of T M V - R N A  labeling along the root can­
not be ascribed to changes in the size of the 
32P  pool, and are taken to show changes in 
the rate of T M V - R N A  synthesis.
Furtherm ore, the stim ulation (in com­
parison with control roots) of labeling of 
ribosom al R N A  in the region 20-60 mm 
from  the tip in infected 00-mm roots (Fig. 2) 
is still observed when the results are re­
plotted on a per unit pool size basis (Fig. 4) 
despite the fact that the 32P  pool in this 
area of infected roots is larger than  in con­
trol roots. W e take this as an indication 
th at the increased labeling of rR N A  in in­
fected roots is a consequence of stim ulated 
rR N A  synthesis. I t  is quite conceivable, 
and consistent with these results, th at the 
rate of m acrom olecular synthesis governs the 
pool size and rate of uptake of 32P , and that 
the stim ulation of R N A  synthesis in infected 
roots is a cause of their increased 32P  pool 
size.
2. It is possible that there is longitudinal
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transport of m aterials in root cultures, and 
that the sites of uptake; and principal incor­
poration may be separated. I t  is likely that 
after a (5-hr chase incubation in nonradio­
active phosphate, the distribution of 32P  
reflects the regions of active incorporation 
rather than those of rapid uptake1.
771/r  R N A  Syn thesis
The1 synthesis of T M V -R N A  was low in 
the apical region of the root (l'igs. 2 and 3). 
Previems reports have shown th at no virus 
infoctivity can be1 found in the apical 
meristems of roots. Sm ith and Schlegel 
(19(j4) found ne) in fectiv ity  w hatsoever of 
clover yellow mosaic v iru s in the apical 400 y. 
of V id a  fa b a  root tips; Crow ley and Hanson 
(19(50) reported very  low infectivities in the 
apical 4 mm of T M V -in fected  tom ato roots. 
The fineness of analysis list'd in the1 present 
investigation was not sufficient to establish 
the size eif any apical zone free of v ira l R N A  
synthesis. W hat has beam shown is that 
some T M V - R N A  synthesis did occur in 
the first 5 mm behind the1 apex (Fig. 2 ). 
However, the rate of T M V -R N A  synthesis 
did not reach a m axim um  until relatively  
far back in the root, a t about 40-G0 mm 
behind the tip. This parallels the1 situation 
in T M V -in fected  young tobacco P aves. 
When very  young leaves are infected, the 
duration of the accum ulation of T M V -R N A  
is much greater than when m ature leaves 
are infected, and the1 bulk of the T M V -R N A  
accumulation occurs a fter considerable leaf 
expansion has taken place (Fraser, 1972). 
The results from both root and leaf, there­
fore, suggest that while T M V  is capable of 
some m ultiplication in re latively  juvenile 
tissue, the host is more favorable1 for ex­
tensive virus m ultiplication when rather 
more m ature.
r R N A  Syn thesis
T M V -infected roots showed levels of 
ribosomal R N A  synthesis considerably in 
excess of those in  healthy roots. The portion 
of root showing the greatest stim ulation of 
rR N A  synthesis was also the region of high 
T M V -R N A  synthesis (Figs. 2 and 3). T M V  
infection m ay also stim ulate rR N A  sy n ­
thesis in infected, m ature tobacco leaves,
but this stim ulation m anifests itself before 
and after the main period of T M V -R N A  
accum ulation. D uring the most active 
T M V - R N A  synthesis the rate of rR N A  
synthesis in infected leaves is depressed, 
and is considerably lower than in healthy 
leaves (Fraser, 19 73). There is thus a m ajor 
difference between roots and leaves with 
respect to rR N A  synthesis during T M V -  
R N A  accum ulation. It is likely that the 
explanation lies in the v a stly  different 
am ounts of T M V - R N A  synthesized in the 
two organs. A bout 4 %  of the total nucleic 
acid of long-term infected root cultures is 
T M V -R N A  (Fig. 1 ) ; in leaves, T M V - R N A  
m ay be as much as 75%  of the total nucleic 
acid content (Fraser, 19 7 1) . 32P  incorpora­
tion into T M V - R N A  in root cultures was 
one1 fifth of the incorporation into rR N A  
in the segm ent of root showing most T M V -  
R N A  synthesis (Fig . 2 ) whereas in leaves, 
the incorporation of 32P  into T M V -R N A  
m ay be as much as four tim es the incor­
poration into rR N A  (Fraser, 19 73). C learly  
the root R N A  m etabolism  is much less 
turned over to the synthesis of v ira l R N A  
than is th at of the infected leaf. It  is pos­
sible th at a t least part of the inhibition of 
rR N A  synthesis in the infected leaf during 
active T M V -R N A  synthesis is due to com ­
petition for nucleotide precursors by  T M V -  
R N A  synthesis. The am ounts of T M V -  
R N A  synthesis in the root are likely to be 
too sm all to exert an y significant com peti­
tive inhibition of rR N A  synthesis.
The means by which T M V  infection 
m ight stim ulate rR N A  synthesis in the 
root, and in m ature leaves before and after 
the m ajor T M V -R N A  accum ulation, remain 
to bo discovered.
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TMV-RNA is Not  M e t h y la t e d  a n d  Does  Not  Conta in  a P o l y a d e n y l i c  
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A cc e p te d  J u l y  25 , 1973
Several studies of polyribosom es from  
T.MV (tobacco mosaic virus) infected leaves 
have suggested that T M V -R N A  acts as the 
messenger R X A  in polyribosom es synthesis­
ing virus protein (1 -3 ). T h is prom pted me 
to examine T M V -R N A  for two other charac­
teristics common to messenger R N A s.
M ethvlation of R X A  occurs b y the addi­
tion of a m ethyl group to a base or ribose 
after synthesis of the polynucleotide chain. 
The m ethyl group is donated b y  methionine, 
via the active interm ediate »S-adcnosyl me­
thionine. R ibosom al R X A  and transfer R N A  
are extensively m ethylated (4) but it is 
known that messenger R N A  is not m ethyl­
ated (5). T h e R N A  of the R N A -p h age  R  17 , 
which acts as messenger for the synthesis of 
R  17  proteins, is also not m ethylated (-5).
Figure 1 shows the radioactive labeling of 
nucleic acids which occurred when T M V - 
infected tobacco loaf protoplasts (13) were 
incubated for 18  h w ith [32P]orthophosphate 
and the m ethyl group donor [il/e-:iH] methio­
nine. The very  long incubation ensured that 
no significant proportion of the incorporated 
radioactiv ity would be found in the rib o ­
somal R N A  precursor which has an electro­
phoretic m obility sim ilar to that of T M V - 
R N A  (6).
The 2o S  and IS  S ribosomal R N A s  be­
came 3II-labeled. D N A  was also 3H-labeled, 
although the absence of incorporation of 32P  
into D N A  during the incubation shows that 
no actual D N A  synthesis occurred. In  con­
trast, there was no detectable incorporation 
of T I rad ioactiv ity  into T M V -R N A . The 
large incorporation of 32 P into T M V -R N A  
shows th at active T M V -R N A  synthesis did 
occur during the incubation.
T he absence of 3H -labeling of T M V -R N A , 
and also of the 5 S ribosomal R N A  (not 
shown) provides an internal control indicat­
ing th at the 3H-labeIing of 2.5 S and IS  S 
ribosomal R N A  was b y  m éthylation after 
synthesis. I t  excludes the possibility that 
3H -labeling occurred b y  the entry of the 
il/e-3H  into nucleotide precursors of R N A  
v ia  1-C  interm ediary metabolism.
The absence of 3H -labeling of T M V -R N A  
shows that T M V -R N A , if m ethylated at all, 
has fewer m ethylated sites than  could be 
detected b y  this technique. W e can estim ate 
the minimum detectable number of m ethyl­
ated sites in T M V -R N A  b y  com paring its 
labeling w ith th at of ribosomal R N A . :iH 
(methyl) labeling represents the am ount of 
m éthylation; 32P  labeling the am ount of syn ­
thesis during the radioactive incubation. The 
ratio 3H : 32P  labeling thus represents the 
extent of m éthylation of the R N A  synthe­
sised. In F ig . 1 ,  the ratio for ribosomal R N A  
w as 0.48. For T M V -R N A , the minimum 
3H -labeling which would have been recog­
nizable as a  peak would be twice the b ack­
ground level of 3H  rad ioactiv ity  on the gel. 
Th is level of :|H  labeling would give a 3H : 32P  
ratio of 0 .1. Plant ribosom al R N A  has one 
m ethylated site per 70 nucleotides (17). 
Therefore the minimum number of m ethyl­
ated sites which could have been unequiv­
ocally detected in T M V -R N A  under the 
conditions of F ig. 1 is one m éthylation per 
30.5 nucleotides. In an experiment sim ilar to 
that shown in F ig. 1 ,  but w ith a radioactive 
incubation of 48 hr instead of 18  hr, the 
32P-labeling of T M V -R N A  was correspond­
ingly higher than in F ig. 1 . while 3H -labeling 
was still absent. In  this case m éthylation
Copyright ©  1973 by Academic Press, Inc.
All rights of reproduction in any form reserved.
XHOl’T COMMUNICATIONS
D i s t a n c e  m i g r a t e d  i n t o  g e l  ( mm)
Fki. 1. Polyacrylamide gel electrophoresis of nucleic acids extracted from TMV-infected tobacco leaf 
cell protoplasts. Protoplasts from 150-mm long leaves of tobacco (.Vicoliana lahacum  L. var. “ X an th i” ) 
were prepared, inoculated with TMV strain A14, and cultured by Dr. I. Takebe (13). After 10 h of culture 
at 24 G and 3500 lx Osram “ L-Fluora” light, 20 mg protoplasts were washed with phosphate-free culture 
medium (13) and resuspended in 10 nd phosphate-free culture medium containing 500/Wi [il/e-8H]methio- 
nine and 30 juCi [a*P|orthophosphate (Radiochemical Centre, Amersham, U. K.). After a further 18 hr 
incubation the protoplasts were collected by centrifugation and lysed in 30 mil/ Tris-HCl, pH 7.0 at 0°C; 
50 m.l/ KC1; 5 m.l/ MgCl,; l r ( sodium tri-isopropylnaphthalene sulfonate, and 6% sodium 4-amino­
salicylate. UNA was prepared (¡4) and fractionated by electrophoresis (15) on a 2.3% gel for 2 hi1 at 5
inA and 8 V/cm gel length. The gels were scanned for ultraviolet absorbance (----- ) in a Joyce-Loebl
Chromoscan. The peaks are: at 14 mm, DNA; at 20 mm, TMV-RNA; at 43 mm, 25 S ribosomal RNA; at 
00 mm, 18 S ribosomal RNA. The optical density peak for TMV-RNA includes 10 ¿ug of purified TMV- 
UNA (H) added as a marker and fractionated together with the protoplast RNA. The gel was frozen, cut
transversely into 0.5 mm slices, and :|H (□ ----- □ )  and :i2P (A A)  radioactivity in each slice was
determined in a Packard Tri-Carb Liquid Scintillation Counter (16). 3H counts were corrected for spill­
over of 32P counts into the :IH channel.
could htivc been detected down to a limit of 
one m ethylated site per 1000 nucleotides.
Thus T M V -R X A  has fewer than six 
m ethylated sites per molecule. This absence 
or extrem ely low level of m ethylation is 
consistent with a messenger R X A  function 
(d) ■
It has recently become apparent that a 
characteristic feature of eukaryote messenger 
R X A s  is a sequence rich in adenylic acid 
residues at the T  end. Such polyadenvlic 
acid (poly(A)) sequences have been found in 
organisms as diverse as mammals (7-9), 
amphibians (Rosbash and Lord, in prepara­
tion), yeast (18), and tobacco plants (this 
report). The only eukaryote messengers 
presently known not to contain poly-A  se­
quences are those for the histones (10).
R N A  molecules containing poly(A ) se 
quences can be detected and charactorizc'd 
b y  hybridizing tritiated com plem entary 
hom opolynucleotide, poly[3H] uridylic acid 
(polv([:iH ]U )) to th(> polv(A) regions in total 
R X A , then fractionating the m ixture by 
sedim entation on a sucrose gradient. The 
distribution of the radioactiv ity  on the gra­
dient then shows the distribution of those 
molecules containing poly(A ) sequences. 
This technique is described in detail else­
where (11). Figure1 2A  shows its application 
to tobacco leaf R X A .
When poly([3H]U) was sedimented alone, 
it remained near the top of the gradient. Its 
sedim entation coefficient was about 3 S. 
When mixed with tobacco leaf R X A . most of 
the poly(U ) rad ioactiv ity  was carried down
S H O U T  C O M M U N  I C A T I O N S
F i g . 2 . Sucrose density gradient sedimentation 
of mixtures of tobacco leaf UNA or TMV-RNA 
with poly[3H|uridylic acid. The gradients were 
linear 7-25% sucrose in 50 mM Tris-HCl pH 7.6; 
150 nul/ NaCl; 1 mil/ EDTA, and 0.5% sodium 
lauryl sulfate. One ten th  milliliter of sample in 
this buffer minus sucrose was applied to a 5-ml 
gradient which was centrifuged in the SW 50.1 
rotor of the Spinco L50 centrifuge for (A) 4 hr at 
50,000 rpm or (B) 1.5 hr at 45,000 rpm, a t 18 C. 
After centrifugation, ultraviolet absorbance at 
254 nm was determined by pumping the gradient 
through an ISCO monitor. 6-Drop fractions were 
collected and the radioactivity in each determined 
(11). (A) 55 jag of total UNA extracted (14) from a 
15-em long tobacco leaf was mixed with 0.25 /xg 
poly[3H]uridylic acid (Miles). The continuous line 
shows ultraviolet absorbance; (□ ------□ ) radio­
activity. ( # - - • )  shows the distribution of radio­
activity when poly([3H]U) was centrifuged alone. 
(B) 25 fig of TMV-RNA extracted (14) from puri­
fied virus was mixed with 0.2 fig poly([3H]U). 
(----- ) ultraviolet absorption; (□ ------□ ) radio­
activity.
to heavier regions of the gradient. This shows 
that the leaf contained a heterogeneous 
population of R N A s  which contained poly(A ) 
regions, ranging in size from 4 S to more than
20 S. W hen T M V -R N A , prepared from  
purified virus, was mixed w ith poly([:iH]U) 
and sedimented, the poly([3H ]U ) remained 
a t the top of the gradient; none associated 
w ith  the T M V -R N A  (Fig . 2 B ). W hen T M V - 
R N A  was heated to 00 or SO C, to melt any 
internal double-stranded regions, then cooled 
w ith po]y([:iH]U) present, the results ob­
tained on fractionation of the m ixture were 
identical to those shown in F ig . 2B . This 
excludes the possibility th at a poly(A ) se­
quence in T M V -R N A  might be m asked b y  
pairing w ith a polv(U ) sequence also in the 
T M V -R N A  molecule.
Therefore T M V -R N A  does not contain a 
polv(A ) sequence. T h is is in direct contrast 
to most known messengers, including the 
heterogeneous R N A  (presumed to be mes­
senger) of tobacco leaf. T h e m R N A  of 
vaccin ia virus has been shown to contain a 
poly(A ) region {12). H ow ever, the absence of 
poly(A ) sequences from histone messenger 
R N A  {10) shows that poly(A ) is not abso­
lutely  required for messenger activ ity . 
Therefore the. absence of a poly (A) sequence 
in T M V -R N A  does not m ean that T M V - 
R N A  cannot be a messenger.
Experim ents are in progress to test the 
possibility th at those T M V -R N A  molecules 
associated w ith polyribosom es arc different 
from  those incorporated into virus particles. 
Th e experim ents reported here do not ex­
clude the possibility th at poly(A ) sequences 
are present in those T M V -R N A s associated 
w ith polyribosom es.
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Inhibition o f  the M ultiplication o f Tobacco M osaic Virus 
by M ethyl Benzimidazol-2-yl Carbamate
(Accepted  1 1  N ovem ber 1977)
S U M M A R Y
M ethyl benzimidazol-2-yl carbam ate (M B C , carbendazim) is the fungitoxic 
principle o f  the systemic fungicide benomyl. It reduces the severity o f symptoms 
produced by tobacco m osaic virus infection o f tobacco plants (Tomlinson et al. 
1976). Measurements o f the accumulation o f T M V R N A  in M BC-treated and con­
trol plants showed that M B C  treatment significantly reduced the accumulation 
o f virus, by 20 % in lower leaves and by up to 90 % in upper leaves. N o phytotoxic 
effects o f M B C  were observed at the concentrations effective against virus 
multiplication. Possible modes o f  action o f M B C  are discussed.
Methyl benzimidazol-2-yl carbam ate (M B C , carbendazim) is the water decomposition 
product and fungitoxic element o f the systemic fungicide benomyl. Recently, Tomlinson 
et al. ( 1976) showed that M B C  reduces the severity o f disease symptoms caused by tobacco 
mosaic virus (TM V ) in tobacco plants. In this paper we report that M B C  inhibits the 
multiplication o f T M V  in systemically-infected tobacco plants.
N icotiana tabacum  L . cv. White Burley plants were grown in John Innes N o. 2 compost 
in 12-5 cm diam. pots. The plants were grown under natural lighting conditions in a glass 
house at 20 to 25 °C . Plants with three fully expanded leaves were watered with 200 ml 
of a 5 g/1 suspension o f ‘ B avistin ’ (B A S F  3460F), a com mercial form ulation containing 
50 %, w /w, M B C  and 50 % non-active filler. Seven days later, a second application o f 
Bavistin was m ade: each plant thus received a total o f 1 g o f M B C . There was no sign o f 
any toxic effects o f M B C  treatment. Plants o f the same size treated with up to ten times 
the dose also showed no ill effects or inhibition o f growth.
Two days after the second application o f M B C , the two highest fully-expanded leaves 
on each plant were dusted with 400 mesh Carborundum  and inoculated by rubbing with 
a o-i %, w /v, solution o f  T M V  strain ‘ G rapevine’ in 50 mM-sodium phosphate buffer, 
pH 7 -0. Control plants which had not received M B C  were also inoculated.
T M V  multiplication was measured by the accumulation o f T M V  R N A . Samples o f 
0-5 to r o g  o f infected leaf were homogenized in 10 ml extraction medium [2 % , w /v, 
sodium tri-isopropyl naphthalene sulphonate; 50 mM-tris-HCl, pH  7 -8 ; iom M -N aC l; 
o-2 %, v/v, 2-m ercaptoethanol; 0-2 %, v/v , silicone D C  antifoam  emulsion (D ow  Corning)] 
in an U ltra Turrax homogenizer. Protein was removed from the homogenate by treatment 
with phenol-chloroform-m-cresol (Fraser, 1975). Total nucleic acid was precipitated with 
ethanol and further purified by dialysis against 0 -5 %, w /v, sodium dodecyl sulphate; 
150 mM-sodium acetate at pH  6-o (Fraser, 1969). Samples o f 10 to 15 fig  total nucleic acid 
were fractionated by electrophoresis on 2-2 % polyacrylam ide gels (Loening, 1969) for 3 h 
at 8 V/cm . The gels were scanned for absorbance at 265 nm in a Joyce Loebl G el Scanner. 
TM V  R N A  was detected as a prominent peak running between the D N A  and the larger 
ribosomal R N A . N o such peak was detected on gels o f nucleic acids from healthy leaves.
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Fig. 1. Polyacrylamide gel electrophoresis of nucleic acids from tobacco leaves infected with 
TMV. The ultraviolet absorption peaks are DN A at 11 mm; TM V R N A  at 20 to 22 mm and the 
larger (25S) ribosomal RNA at 37 mm. The nucleic acids were extracted from the systemically- 
infected ninth leaves above the inoculated leaves, 28 days after inoculation. The scans represent 
electrophoresis of nucleic acids from equal weights of leaf material: (a) control, (6) MBC-treated.
Fig. 2. Changes in TMV RNA content per g fresh weight with time in the systemically-infected 
fifth leaf above the inoculated leaves. O'—O, Control; • — • .  MBC-treated. Day o is the 
time of inoculation of the lower leaves.
The identity o f the T M V  R N A  peak was confirmed by co-electrophoresis with authentic 
TM V R N A  prepared from purified virus. The T M V  R N A  content o f the leaf was calculated 
from the area o f the T M V  R N A  ultraviolet absorption peak: peak area is linearly pro­
portional to weight o f R N A  in the peak (Fraser, 19 7 1 ).
The nucleic acid extraction and purification method used gave yields o f over 90 % o f 
the total leaf nucleic acid content, measured chem ically as explained elsewhere (Fraser, 
1971). Determinations o f T M V  R N A  content on replicate samples taken from  the same 
batch o f infected leaf m aterial indicated that reproducibility was high: all individual 
determinations were within ± 10 % o f the mean.
Fig. 1 shows the nucleic acids extracted from  com parable systemically-infected upper 
leaves o f control and M BC-treated plants, 28 days after prim ary infection. The amount 
of TM V  R N A  in the M BC-treated leaf was only about 10 % o f that in the control: M B C  
therefore strongly inhibited virus multiplication. In contrast, there was no significant 
effect o f M B C  on the accum ulation o f the host nucleic acids: the peak areas o f the D N A  
and 25S ribosomal R N A  were similar in gels o f nucleic acids from  control and M B C - 
treated leaves (Fig. 1 ). In these upper leaves, most o f the growth and nucleic acid accumu­
lation occurred during the time the plants were exposed to M B C . E. M . Faithfull (personal 
communication) has shown that M B C  persists in White Burley tobacco leaves for 45 days 
after application.
The extent o f  inhibition o f T M V  multiplication by M B C  treatment depended on the 
height o f the leaf on the plant. The 90 % inhibition o f T M V  R N A  synthesis shown in 
Fig. 1 occurred in the ninth leaf above the upper inoculated leaf. In the fifth leaf above the 
inoculated leaf, M B C  treatment inhibited T M V  multiplication by about 6 0 % (Fig. 2). 
In the inoculated leaves themselves, T M V  multiplication was inhibited only 20 to 30 % 
by M B C  treatment. The different levels o f inhibition o f T M V  R N A  accum ulation in upper 
and lower leaves were probably not caused by differences in M B C  concentration in different 
parts o f the plant. J . A . Tom linson (personal communication) has shown that the highest 
concentrations o f M B C  in the plant occur in the lower leaves.
The inhibition o f T M V  R N A  accumulation in the upper leaves by M B C  treatment was 
long lasting. Fig. 2 shows that the rate o f T M V  R N A  accum ulation in treated leaves 
decreased earlier than in control leaves. The T M V  R N A  content remained fairly constant 
for a period o f at least 10 days following the phase o f virus R N A  accumulation in M B C - 
treated leaves. Tom linson et al. ( 1976) showed that 30 days after inoculation, the infectivity 
of the non-dark green areas o f infected control leaves was higher than that o f leaves from 
MBC-treated plants. One hundred days after inoculation, however, they found similar 
levels o f infectivity in the uppermost systemically infected leaves o f  M BC-treated and 
control plants.
The means by which M B C  treatment restricts T M V  multiplication are not known. Fig. 2 
shows that T M V  R N A  synthesis was measureable in systemically-infected leaves at the 
same time after inoculation o f lower leaves in control and M BC-treated plants. It is thus 
unlikely that M B C  is slowing the systemic spread o f virus through the host. Other 
benzimidazole derivatives have been shown to inhibit animal virus R N A  polymerase 
(Tamm &  Eggers, 1963) and initiation o f heterogeneous nuclear R N A  synthesis by R N A  
polymerase II in H eLa cells (Sehgal et al. 1976): it is conceivable that M B C  inhibits 
TM V R N A  synthesis directly. M B C  also exhibits cytokinin-lilce activity (Thom as, 1974): 
it is possible that inhibition o f virus R N A  synthesis is mediated through growth regulator 
metabolism. Effects o f cytokinins on infectivity and local lesion size have been reported 
(Milo &  Srivastava, 1969; Aldwinckle, 1975).
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Methyl benzimidazol-2yl-carbamate inhibited the accumulation of tobacco mosaic virus in 
actively growing parts of infected tobacco plants. It also prevented the inhibition of leaf 
growth by the virus. In expanding leaves, phytotoxic effects of methyl benzimidazol-2yl- 
carbamate were seen only at levels 50 to 100 times those required to inhibit viral multiplication.
No direct inhibition of tobacco mosaic virus ribonucleic acid synthesis was found when the 
effects of methyl benzimidazol-2yl-carbamate on incorporation of 32P-orthophosphate into 
nucleic acid were studied. From experiments on time of application, dose level and leaf age, 
it is suggested that methyl benzimidazol-2yl-carbamate inhibits viral ribonucleic acid 
synthesis indirectly, by maintaining the host in a state unsuitable for viral multiplication.
This may occur through the known cytokinin activity of the compound. In some circum­
stances, higher concentrations of tobacco mosiac virus were found to result from treatment 
with methyl benzimidazol-2yl-carbamate. The relationships between leaf growth, symptom 
formation and viral multiplication are discussed.
IN T R O D U C T IO N
There have been several reports o f chemicals which suppress the m ultiplication o f 
plant viruses [5, 7, 15, 18, 20, 26, 28]. These compounds are generally unsuitable 
for use on crops because o f their cost and toxicity to animals. M an y are also toxic to 
the host plant at concentrations little above those required to inhibit viral m ulti­
plication. Recently, Tom linson et al. [25] showed that the visible symptoms o f 
tobacco mosaic virus (T M V ) infection o f tobacco plants could be suppressed by 
treating the plants with non-phytotoxic doses o f methyl benzimidazol-2yl-carbam ate 
(M BC , carbendazim ). This compound is the water decomposition product and 
fungitoxic principle [d] o f the systemic fungicide benomyl [methyl l-(butyl- 
carbam oyl)-benzim idazol-2yl-carbam ate], which is already in wide use in agricul­
ture.
Fraser &  W henham  [14] showed that the multiplication o f T M V  in young leaves 
o f infected tobacco plants was much reduced by M B C  treatment. Bailiss et al. [2] 
found both increased and decreased infectivity in  TM V -infected tomato lea f discs 
floated on benom yl solutions o f different concentrations.
This paper describes further experiments on the effects o f M B C  on T M V -infected
0048- 4059/78/0701-0051 $02.00/0 ©  1978 Academic Press Inc. (London) Limited
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tobacco plants. T h e relationships between viral m ultiplication, symptom develop­
ment and lea f growth are considered, and a possible mechanism for the effects o f 
M B C  on viral m ultiplication is suggested.
MATERIALS A N D  METHODS
Host plants and viruses
Tobacco plants (Jficotiana tabacum L .) cvs W hite Burley and Sam sun were grown in 
Jo h n  Innes no. 2 compost in 12-5 cm diam eter pots. The plants were kept in a 
glasshouse under natural summer lighting conditions. T h e tem perature was 17  °C  
night and 20 to 25 °C  day.
M ethyl benzim idazol-2yl-carbam ate (M BG ) was supplied as “ Bavistin”  
(B .A .S .F . U .K . Ltd , H adleigh, Suffolk), a com mercial form ulation containing 50%  
w/w M B C  in non-active filler [25], Plants were watered with 200 ml suspension 
containing various concentrations o f M B C . Tim es o f application o f M B C  are given 
in Results.
Tobacco mosaic virus (T M V ) strains Rotham sted, V u lgare and Grapevine were 
used. The first two give a mild light green/dark green m osaic; G rapevine causes 
more severe yellowing symptoms. Inocula were prepared by grinding frozen, 
infected W hite Burley lea f tissue with a pestle and m ortar. Leaves were dusted with 
400 mesh carborundum  and inoculated by rubbing with a 1000-fold dilution o f 
inoculum  in 50 m M  phosphate buffer, pH  7-0. V ira l m ultiplication was followed 
in the inoculated leaves and also in the younger, upper leaves, which became 
system ically infected.
Measurement o f  T M V  multiplication
T M V  multiplication was measured by the accum ulation o f T M V  R N A  in infected 
leaves. Sam ples o f 0-5 to 1 -0 g tissue were homogenized for 5 min in 10  ml extraction 
medium [2%  w/v sodium tri-isopropylnaphthalene sulphonate; 50 m M  T ris-H C l 
pH  7-8; 10  m M  N a C l; 0-2%  v/v 2-m ercaptoethanol; 0-2%  v/v silicone D C  antifoam 
emulsion (Dow Corning)] in an U ltra-T u rrax  homogenizer operated at one-quarter 
speed. The homogenate was deproteinized by treatments with phenol-chloroform- 
m-cresol [77], Total nucleic acid was precipitated by ethanol and further purified by 
reprecipitations and dialysis [9].
Sam ples o f 10  to 15  p.g total nucleic acid were fractionated by electrophoresis for 
3 h at 8 V  cm - 1  on polyacrylam ide gels o f final acrylam ide concentration 2 - 1%  [77]. 
The gels were scanned for absorbance at 265 nm using a Jo y c e  Loebl G el Scanner. 
T M V  R N A  content o f the sample, and hence per g  leaf, was calculated from the 
area o f the T M V  R N A  ultraviolet absorption peak on the scan. Peak area is linearly 
proportional to weight o f R N A  [9]. Details o f the yield and reproducibility o f the 
extraction and assay method are given elsewhere [9, 77]. T h e lea f content o f the 
larger ribosomal R N A  (25 S rR N A ) was measured in the same w ay. Each  assay o f 
T M V  R N A  or 25 S rR N A  was performed at least in triplicate.
Infectivity o f lea f m aterial was measured by local lesion assay on half-leaves o f 
JV. glutinosa L . Infected lea f samples were ground in a pestle and m ortar and diluted 
to I in 10 4 with 50 mM sodium phosphate buffer, pH  7-0, before inoculation onto ten 
half-leaves. Lesions were counted 5 days after inoculation.
Rates o f  T M V  R N A  and 25  S  rR N A  synthesis
L e a f discs o f 10  mm diam eter were punched from the lam ina o f infected lea f m aterial 
using a cork borer. S ix  discs were floated on 5 ml water containing various con­
centrations o f technical grade m ethyl benzim idazol-2yl-carbam ate (Stauffer 
Chemicals, G eneva, Switzerland). T h e discs were infiltrated under vacuum  for 
2 min then incubated in a controlled environment cabinet at 25 °C  and 15  klx 
fluorescent light. A fter 1 h, 0-5 m C i 32P-orthophosphate (Radiochem ical Centre, 
Am ersham , U .K ., specific activity 100 Ci/mg) was added to each treatment and the 
incubation continued for 4 h. Nucleic acids were extracted from the discs as above. 
Total 32P uptake by the discs was measured [75], T h e nucleic acids were frac­
tionated by polyacrylam ide gel electrophoresis and 32P incorporation into T M V  
R N A  and 25 S rR N A  determined [72].
Chlorophyll content
Samples o f 0-5 to 1 -0 g o f lea f were extracted with 80%  v/v acetone and the content 
o f total chlorophyll, chlorophyll a and chlorophyll b measured spectrophoto- 
m etrically [27].
R E S U L T S  A N D  D IS C U S S IO N
Effects o f  M B C  on T M V  multiplication
Figure 1 shows the time course o f T M V  R N A  accum ulation in leaves o f  control and 
M BC-treated plants. In  the lower leaves, inoculated when they were alm ost fully 
expanded, M B G  treatment had little or no effect on the pattern or amount o f T M V  
R N A  accum ulation. In  the higher, system ically infected leaves, however, M B C  
treatment reduced the level o f T M V  R N A  accum ulated.
This difference in effect o f M B C  was not a difference in effect on inoculated and 
systemically infected leaves as such— Fig. 2 shows that the inhibition o f T M V  R N A  
accum ulation by M B C  increased progressively with height o f the lea f on the plant. 
In  the tenth lea f above the inoculated leaf, T M V  R N A  concentration in leaves o f 
M BC-treated plants was less than 2 %  o f that in control plants, 30 days after inocula­
tion. T h e pattern o f increasing M B C  inhibition o f T M V  R N A  accum ulation with 
height o f lea f on the plant was found in plants inoculated with the Rotham sted 
strain o f T M V , or with the G rapevine strain which produces more severe visible 
symptoms.
In  leaves in which the accum ulation o f T M V  R N A  was reduced by M B C  treat­
ment, there was also a reduced level o f infectivity (Table 1) . Sim ilarly, Tom linson 
et al. [25] reported a lower level o f infectivity in leaves o f M BC-treated plants than 
in non-dark green areas o f infected control plant leaves. Bailiss et al. [2] found a 
slightly lower level o f infectivity in T M V -infected tomato lea f discs floated on low 
concentration solutions o f benomyl.
These results raise two questions: how does M B C  treatment inhibit T M V  R N A  
accum ulation in the upper leaves, and w hy does it fail to inhibit T M V  R N A  accum u­
lation in the lower leaves ? W e first tested the hypothesis that there might be uneven 
uptake o f M B C  into different parts o f the plant, and hence uneven effects on viral 
m ultiplication. Plants were exposed to a wide range o f doses o f M B C  in an attempt
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Fio. 1. Effects of MBC on accumulation of TM V  RNA in leaves of White Burley tobacco. 
Plants were treated with 0-5 g MBC 9 and 2 days before inoculation of the uppermost fully 
expanded leaf with the Rothamsted strain of TM V. TM V  RN A was measured in inoculated
leaves of MBC-treated ( O  - - O )  and control ( • ----- • )  plants, and in the fifth leaf above the
inoculated leaf in MBC-treated ( □ - - □ )  and control (■—■) plants.
L e a f number
F ig . 2 . Effects of MBC on accumulation of TM V RN A in White Burley tobacco plants. 
Plants were treated with 0-5 g MBC 9 and 2 days before inoculation of the uppermost fully 
expanded leaf (leaf 0) with TM V strains Rothamsted or Grapevine. 30 days after inoculation, 
the concentration of TM V RN A in leaves from the inoculated leaf upwards was measured. 
Values are expressed as a percentage of the TM V RN A concentrations in comparable leaves 
of plants not treated with MBC. (O— O) Rothamsted; (A— A) Grapevine.
T a b l e  1
Infectivity and TM V RNA contents of leaves from control and MBC-treated plants
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Treatment“
MBC Control
Infectivity: lesions per half-leaf 245 ±  32 366 +  31
of Nicotiana glutinosa"
fig TM V RNA/g leaf" 193 +  9 277 ±  10
“ MBC-treated plants received 0-5 g MBC 9 and 2 days before inoculation of two fully 
expanded lower leaves with TM V  strain Vulgare. White Burley tobacco plants were 
used.
" Infectivity and TM V RNA content of the systemically infected fourth leaf above the 
upper inoculated leaf were measured 21 days after 'inoculation. The differences in 
infectivity and TM V  RNA content between MBC-treated and control leaves are 
significant at the P  =  0-02 level. A log-transformation of the lesion number data was 
performed [Id] before testing for significance.
to alter the internal M B C  levels, and effects on lea f growth and T M V  R N A  accum u­
lation in lower and upper leaves were followed.
M B C  dose-response curves
Young W hite Burley tobacco plants with two leaves expanded to about 10  cm long 
were treated with various levels o f M B C . Nine days later the plants received a 
second treatment at the same level. T h e total dose applied per plant ranged from 
0-1 to 20 g. Fourteen days after the first application o f M B C , the two highest fully 
expanded leaves on each plant (20 cm long) were inoculated with T M V  strain 
vulgare. Tw enty-eight days after inoculation, the fresh wts and T M V  R N A  contents 
o f the inoculated leaves, and o f the systemically infected fifth and sixth leaves above 
were measured.
Figure 3 shows that the growth o f the lower, inoculated leaves was severely 
inhibited when plants were treated with 5 g  or more M B C . In  plants treated with 
10  g M B C , no lea f growth occurred after the first application. Leaves on plants 
treated with 20 g  M B C  actually lost weight during the period o f treatment, due to 
severe wilting. It  should be noted that the amount o f M B C  which w ill inhibit lea f 
growth is not constant, but depends on the size o f plant treated. Plants with three 
fully expanded leaves at the time o f the first application o f M B C  show inhibition o f 
growth only when treated with doses o f 20 g  or more \_14~\.
T h e effects o f M B C  on accum ulation o f T M V  R N A  in the inoculated leaves 
were complex, but replicate experiments showed the same form o f dose-response 
profile. T w o exam ples are shown in Fig. 3. In  plants treated with 1 or 2 g  M B C , 
T M V  R N A  concentration equalled or was slightly lower than in untreated control 
plant leaves (cf. Figs 1 and 2). W ith higher levels o f M B C  treatment, the concentra­
tion o f T M V  R N A  reached was higher than in control plant leaves. This elevated 
concentration o f virus was due to the severe inhibition o f lea f fresh w t increase by 
high levels o f M B C . A djusting the T M V  R N A  per g fresh w t data to a  constant 
total lea f weight basis allows some estimation o f the effects o f high levels o f M B C  on 
viral m ultiplication unobscured by side-effects o f M B C  on lea f growth. T h e adjusted 
data presented in Fig. 3 indicate that there is progressively increasing inhibition o f
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F i g . 3. Effects of dose level of MBC on growth and TM V multiplication in lower leaves 
of White Burley tobacco. Plants were given various doses of MBC 14 and 5 days before 
inoculation of the two highest fully expanded leaves with TM V strain vulgare. Fresh wt 
and TM V RN A content of the inoculated leaves were measured 28 days after inoculation.
(a) Fresh wt (A—A), (b) TM V RNA concentrations from two separate experiments
(O— O) and (□ — □). TM V RN A concentration data shown (O— O) were also adjusted 
to a constant leaf fresh wt basis, to allow some estimation of the effects of MBC on TM V 
RNA accumulation in isolation from the effects of MBC on leaf fresh wt. The adjustment 
was performed by multiplying the observed TM V RNA concentration by the observed leaf 
weight, then dividing by the constant leaf weight. The adjusted data are shown ( •  - - ® ) .
T M V  R N A  accum ulation at higher levels o f M B C  treatment. Thus T M V  R N A  
synthesis can be inhibited by M B C  treatment in lower leaves, but only by concentra­
tions o f M B C  sufficiently high to cause even more severe inhibition o f lea f growth.
In  plants treated with low doses o f M B C , in the range 0-1 to 0-5 g, the T M V  
R N A  concentration in inoculated low erleavesw as higher than in com parable leaves o f 
untreated control plants (Fig. 3). This increased concentration could result from 
stimulation by some means o f T M V  R N A  synthesis in the inoculated leaves by low 
levels o f M B C . Alternatively, the increased concentration o f T M V  R N A  in inocu­
lated leaves might occur as a consequence o f an effect o f low levels o f M B C  on the 
systemically infected upper leaves. It has been shown that one factor lim iting the 
production o f T M V  R N A  in lower, older leaves is the competition for precursors by
synthetic activity in the upper leaves [10]. It  will be shown below that M B C  treat­
ments o f 0-1 to 0-5 g  per plant strongly reduce the level o f T M V  R N A  synthesis in 
upper leaves. This reduction in competition m ay allow the increased T M V  R N A  
accum ulation in lower leaves.
In  contrast to the results shown in Fig. 3, Bailiss et al. [2] found that low levels o f 
benomyl slightly reduced the level o f infectivity reached in excised, T M V -infected 
tomato lea f discs, while high concentrations o f benomyl caused increased infectivity. 
The different experim ental systems used, and the different methods used to assay 
T M V , m ay have contributed to this apparent contradiction.
Figure 4 shows the effects o f various doses o f M B C  on growth and T M V  R N A  
concentration in upper, system ically infected leaves. T h e average weight o f com ­
parable leaves on uninfected control plants was 2 g. T M V  infection o f plants which 
received no M B C  therefore reduced growth o f the upper leaves by almost one half. 
In  plants treated with between 0-1 and 5 g M B C , lea f fresh w t was greater than in the
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Fig. 4. Effects of dose level of MBC on growth, TM V  multiplication, 25 S ribosomal 
RNA content and chlorophyll content of upper leaves of White Burley tobacco. Plants 
were treated with MBC and inoculated as in Fig. 3. Twenty-eight days after inoculation, 
the fifth and sixth systemically infected leaves above the inoculated leaves were harvested.
(A—A) Mean leaf fresh wt; (V-—V) total chlorophyll/g leaf; (O— O) TM V RNA/g leaf;
(□ — □) 25 S rRNA/g leaf.
inoculated, untreated control, and almost equal to that o f the healthy control. Thus 
M B C  treatment at these levels largely eliminated the inhibition o f lea f growth result­
ing from viral infection [Iff]. L e a f  growth in plants treated with 10  or 20 g M B C  
was severely inhibited.
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In  plants treated with between 0-1 and 10  g M B C , the concentration o f T M V  
R N A  in the upper leaves was much lower than in untreated control plants (Fig. 4). 
In  plants treated with 20 g M B C , T M V  R N A  concentration in the upper leaves was 
high. As in lower leaves, this was a consequence o f severer inhibition o f lea f growth 
masking the inhibition o f v iral m ultiplication.
In  order to test whether the inhibition o f T M V  R N A  accum ulation in plants 
treated with between 0-1 and 10  g M B C  was a specific effect, the concentration o f the 
host 25 S rR N A  was also measured. M B C  doses o f 0-1 to 2 g per plant did not alter 
the 25 S rR N A  concentration significantly from the control level. T h e concentration 
was lower in plants treated with 5 or 10  g M B C , probably a consequence o f the onset 
o f general inhibition o f lea f growth at high levels o f M B C . This comparison o f the 
effects o f M B C  on T M V  R N A  and host R N A  contents suggests that the inhibition 
o f T M V  R N A  accum ulation was by some relatively specific mechanism, and not 
m erely by a general inhibition o f nucleic acid synthesis.
A  comparison o f the results for lower (Fig. 3) and upper infected leaves (Fig. 4) 
shows that growth o f both was inhibited by sim ilar doses o f M B C . In  contrast, 
accum ulation o f T M V  R N A  was inhibited by low levels o f M B C  in upper leaves, but 
only by very high levels o f M B C  in lower leaves. These results suggest that the effects 
o f M B C  on growth and T M V  R N A  accum ulation in lower and upper leaves cannot 
be explained sim ply as a difference in amounts o f M B C  taken up into different parts 
o f the plant. This conclusion is supported by direct measurements o f M B C  contents 
o f lower and upper leaves, which show that the concentration o f M B C  in lower 
leaves is actually higher than in upper leaves (Tomlinson, Faithfull &  W ard, unpub­
lished results). W e therefore require some explanation other than concentration to 
account for the failure o f M B C  to inhibit T M V  R N A  accum ulation as effectively in 
lower leaves as in upper leaves.
Effect o f  time o f  application o f  M B C
One difference between lower and upper leaves in the experiments described above 
is that lower leaves were first exposed to M B C  at a much later stage in their develop­
ment than younger, upper leaves. W e therefore exam ined whether the stage o f lea f 
development at the time o f first application o f M B C  could influence the effects o f 
M B C  on T M V  R N A  accum ulation. Plants were treated with M B C  at various 
times before and during T M V  m ultiplication in lower leaves. T ab le  2 shows the 
times and doses o f M B C  applied, and the T M V  R N A  concentrations reached in the 
inoculated lower leaves.
In  lower leaves from plants treated with 1 g M B C  at 9 days and again at 2 days 
before inoculation (Treatm ent A ), T M V  R N A  concentration was slightly higher 
than in leaves o f untreated control plants (Treatm ent B). T h e difference was not 
statistically significant. However, in plants treated with the same total dose o f M B C  
as Treatm ent A  (2 g), but starting 30 days before inoculation (Treatm ent C ), the 
concentration o f viral R N A  in the lower leaves was less than h a lf o f that in T reat­
ments A  or B. W hen M B C  was applied shortly before inoculation and again during 
the period o f T M V  m ultiplication (Treatm ent D ), the T M V  R N A  concentration 
reached in the inoculated leaves was the same as when M B C  was only supplied 
shortly before inoculation (Treatments A  and E ). These experiments therefore show
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T a b l e  2
Leaffresh wt and accumulation of TM V  RNA in plants treated with M BC at various times before 
inoculation and during TM V multiplication
Treatment: A
MBC supplied per plant (g) 





- 2 0 0-5
- 9 1 0-5 0-5 0-5
- 2 1 0-5 0-5 0-5
+  10 0-5
+  20 0-5
Leaf fresh weight (g)6 9-17 ±  1-64 10-72 +  0-60 7-61 +  1-69 9-42+ 1-15 9-61 +  1-91
gg TM V RNA/g leaf6 293 ±30 251 +  19 112  ±  8 233 ±13 254±  16
“ At day — 30, plants had leaves up to 6 cm long. At day 0, the highest fully expanded leaf 
on each plant (20 cm long) was inoculated with TM V  strain vulgare. Plants were cv.
White Burley.
6 Fresh wt and leaf content of TM V RN A were measured 22 days after inoculation. All 
values are means ±  standard errors. The TM V RNA/g leaf data were adjusted to a 
constant leaf fresh wt basis, by multiplying the measured concentration by the leaf 
weight, then dividing by the constant weight (10 g). The TM V RNA concentration 
in Treatment C is significantly different from all other treatments at the P  =  0-01 level.
All other treatments are not significantly different from the control at the P  =  0-1 level.
Leaf mean fresh wts are not significantly different.
that M B G  supplied early in the development o f the lea f is effective in suppressing 
T M V  R N A  accum ulation; M B G  supplied late is not. This is a possible explanation 
o f the differences in effect o f M B G  on T M V  m ultiplication in lower and upper leaves 
(Figs 1 and 2).
A possible explanation o f  the antiviral activity o f  M B C
There are two types o f m echanism by which M B C  might inhibit T M V  R N A  accu­
mulation in young leaves. One is ind irect: by altering lea f metabolism in some w ay 
so as to m ake conditions unfavourable for v iral m ultiplication. T h e other is that 
M BG  might reduce viral R N A  synthesis directly, for exam ple by  inhibiting the 
replicase. O ther benzimidazole derivatives have been shown to inhibit certain anim al 
virus R N A  polymerases [23] and H eL a cell R N A  polymerase I I  [19]. D irect 
inhibition o f T M V  R N A  synthesis by M B G  was tested experim entally, by exam ining 
rates o f 32P  incorporation into T M V  R N A  in infected lea f discs newly exposed to 
M BG . T h e rate o f incorporation o f 32P into 25 S rR N A  was followed as an internal 
control, to detect any depression o f R N A  synthesis from non-specific causes.
Figure 5 shows that 2 pg/ml M B C  had little or no effect on 32P incorporation into 
T M V  R N A  or 25 S rR N A . Tw enty pg/ml M B G  reduced incorporation into T M V  
R N A  by 40%  and into 25 S rR N A  by 60% . There was no further reduction in 
incorporation at 200 pg/ml, but M B C  is not com pletely soluble at this concentration. 
T otal uptake o f 32P by the discs was actually slightly stimulated by 2 or 20 pg/ml 
M B C , so the inhibition o f incorporation o f 32P into T M V  R N A  and 25 S rR N A  was 
likely to be an effect o f M B G  on R N A  synthesis, not m erely one on precursor uptake.


















Fig. 5. Effects of MBC on RNA synthesis in TMV-infected leaf discs. Discs were punched 
from 9 cm long leaves of Samsun tobacco, 5 days after inoculation with TM V  strain vulgare. 
(A— A) 32P uptake; ( • — • )  32P incorporation into TM V RN A; (O— O) 32P incorporation 
into 25 S rRNA.
From  this experiment, there is evidence for a general depression o f R N A  syn­
thesis at higher levels o f M B C : there is no evidence for any selective inhibition o f 
T M V  R N A  synthesis by M B C . This result is in contrast to the effect shown in Fig. 4, 
where young leaves exposed continually to M B C  showed a significant inhibition o f 
T M V  R N A  accum ulation without any effect on 25 S rR N A  content. The con­
clusion draw n from Fig. 5 is subject to the limitations on conclusions draw n from 
negative results ; however, comparison o f the effects shown by M B C  in Figs 4 and 5 
favours an inhibition o f T M V  R N A  accum ulation operating by indirect means. 
This is supported by the failure o f M B C  to inhibit T M V  R N A  accum ulation in old 
leaves (Figs 1 to 3) and by the finding that M B C  supplied early in the life o f the lea f 
inhibits accum ulation, while M B C  supplied late, during the period o f viral m ulti­
plication, does not (Table 2).
A  possible mechanism for the proposed indirect suppression o f T M V  R N A  
accum ulation by M B C  is its known cytokinin activity [21, 24 ]. Cytokinins have been 
reported to influence local lesion formation and infectivity [/—5, 8]. Furtherm ore, 
cytokinins are known to delay lea f senescence [22] : it has been shown that the m ajor 
accum ulation o f T M V  R N A  in leaves coincides with the onset o f the senescent 
phase o f leaf development [10]. Thus M B C , i f  applied to young leaves, m ay prevent 
viral m ultiplication by m aintaining that lea f in some juvenile state unsuitable for
viral m ultiplication. This conclusion is consistent with the demonstrated failure o f 
M B C  to inhibit v iral m ultiplication in old leaves (Figs 1 to 3) unless applied at 
extremely high concentration or very early in the life o f the le a f (Table 2).
Long-term effects o f  M B C  on growth and T M V  R N A  content
In the experiments reported in Figs 1 to 4, we followed T M V  R N A  content for up to 
30 days after inoculation, by  which time it had reached fairly  stable levels in  most 
treatments. T h e absence o f any apparent direct viricidal effect o f M B C , but the 
possibility that it m ay inhibit T M V  m ultiplication by m aintaining the lea f in some 
juvenile state, raised the question o f long-term effects on growth and T M V  R N A  
content. Accordingly, we exam ined plants 100 days after inoculation. These plants 
had completed vegetative growth and were well into the flowering phase.
In  these plants, there was still a very striking difference in growth between M B C
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F ig .  6. Long-term effects of MBC on leaf growth, chlorophyll content and TM V RNA 
concentration in Samsun tobacco. Plants received 0-5 g MBC 9 and 2 days before inoculation 
of the highest expanded leaf with TM V  strain Grapevine. Harvesting was 100 days after 
inoculation. Leaves were numbered upwards from the base, (a) Leaf fresh weight of MBC- 
treated (O— O) and control ( • — • )  plants, (b) Chlorophyll per g leaf. (A,V) MBC- 
treated; (A,Y) control plants; (A,A) chlorophyll a; (V,Y) chlorophyll b. (c) TM V RNA 
concentrations in control (■—■) and MBC-treated (□ —□) plants.
and control treatments. M BC-treated plants had more leaves, o f a greater fresh 
wt, than control plants (Fig. 6). T h e m ean shoot weight o f M BC-treated plants 
was over twice that o f the control plants. T h e concentrations o f chlorophylls a and b 
in treated plants remained higher than in control plants. Treated plants also showed 
much m ilder visible symptoms than control plants. Thus M B C  treatments, 9 and 
2 days before inoculation, had significant beneficial effects on plant grow th; these 
effects persisted for a long time.
T M V  R N A  concentrations in M BC-treated and control plants 100 days after 
inoculation were very different. In  the lowest rem aining non-necrotic leaves, 
T M V /g  was lower in leaves o f treated plants than in those o f control plants (Fig. 6). 
These leaves correspond to the upper leaves o f Fig. 2, 30 days after inoculation. 
Thus, the inhibition o f T M V  R N A  accum ulation in these leaves by M B C  treatment 
appears to be highly persistent.
In  the higher leaves o f M BC -treated plants, the concentration o f T M V  R N A  at 
100 days after inoculation was much higher than in untreated plants. There is 
therefore an apparent paradox: that treated plants have grown m uch better than 
control plants, but also contain much higher concentrations o f virus. This outcome 
was possibly the consequence o f two separate processes. D uring the vegetative 
growth phase o f the plant, suppression o f T M V  R N A  synthesis by M B C  treatment 
(Fig. 4) prevented inhibition o f lea f growth by the virus [.70]: treated plants grew 
better than untreated control plants (Fig. 6). However, once the plants had finished 
the vegetative phase o f growth and entered the flowering phase, the enhanced 
growth m ade as a result o f M B C  treatment was available as a source o f substrates 
for v iral synthesis.
T M V  multiplication, symptoms and growth
T h e enhanced growth o f T M V -infected plants as a result o f M B C  treatment is 
accom panied by a reduction in the severity o f visible symptoms [25] and reduction 
in viral R N A  accum ulation in actively growing parts o f the plant (Figs 2 and 4). 
From  the results presented here, we can draw  some conclusions about how lea f 
growth, symptoms and T M V  m ultiplication are related.
One expression o f visible symptoms is loss o f chlorophyll. In  young, infected 
leaves, M B C  doses o f more than 1 to 2 g  per plant were required to m aintain chloro­
phyll content at the same level as in healthy leaves, i.e. 1 mg/g (Fig. 4). Strong 
inhibition o f viral m ultiplication was observed at doses as low as 0-1 g M B C  per 
plant. Thus there is no direct correlation between the amount o f virus synthesis and 
expression o f visible symptoms as measured b y loss o f chlorophyll.
In  young, infected leaves, the levels o f M B C  treatment which prevented inhibition 
o f leaf growth by T M V  infection were much lower than those required to prevent 
chlorophyll loss (Fig. 4). Thus the beneficial effect o f M B C  treatment on growth o f 
infected leaves was probably not brought about by prevention o f chlorophyll loss 
and any resulting reduction in photosynthetic capacity.
V ira l R N A  accum ulation was inhibited b y levels o f M B C  treatment sim ilar to 
those preventing inhibition o f lea f growth (Fig. 4). T M V  reaches very high con­
centrations in tobacco leaves. Its m ultiplication requires the activity o f a large
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proportion o f the host nucleic acid and protein synthesizing capacity [10, 11~\. 
Thus T M V  m ultiplication is likely to act as a competitive inhibitor o f host growth. 
We suggest that the enhanced growth o f M BC-treated infected plants com pared to 
control plants (Figs 4 and 6) m ay result from the indirect inhibition o f T M V  m ulti­
plication by M B G  treatment during the active growth phase o f the plant.
M B C  at high levels inhibits growth o f the host. From  our data we can com pare 
the doses required to inhibit viral m ultiplication and host growth. In  old leaves 
treated late in their development with M B C , the doses inhibiting viral multiplication 
and host growth were sim ilar (Fig. 2). From  the standpoint o f preventing viral 
inhibition o f lea f growth by M B C , this is unim portant, as these leaves had partly 
completed growth in any case. M ore significant is the finding that in young, actively 
growing leaves, the M B C  dose required to inhibit lea f growth was 50 to 100 times the 
dose required to prevent viral m ultiplication and viral inhibition o f lea f growth 
(Fig. 4). M B C  thus displays low phytotoxicity and permits significantly im proved 
growth and appearance [25] o f the host. One probable draw back to its use as a 
chemotherapeutic agent is that treated plants do eventually contain m ore virus than 
infected controls (Fig. 6 ; [2]). Th is m ight increase the rate o f spread o f virus to 
other plants. Possible deleterious effects o f M B C  treatment on lea f smoking quality 
and toxicity have also not been investigated.
We thank our colleagues for useful discussions, and Su Loughlin and Paul Tom linson 
for technical assistance.
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S U M M A R Y
In Nicotiana glutinosa  L . formation o f local lesions on lower leaves inoculated 
with tobacco mosaic virus increased the susceptibility o f the upper leaves to infec­
tion in a subsequent inoculation. The increase in susceptibility was detected as an 
increase o f up to 3 '5-fold in the number o f lesions produced on the upper leaf and 
a corresponding increase in the amount o f virus R N A  synthesized. The con­
centration o f endogenous abscisic acid in the upper leaves was negatively 
correlated with susceptibility to infection. This acquired systemic susceptibility 
to infection in N. gh/tinosa  is in direct contrast to the acquired systemic resistance 
to infection reported to occur in hypersensitive varieties o f N icotiana tabacum  
under similar conditions. Mechanisms which might be involved in the acquisition 
of systemic resistance or susceptibility are discussed.
I N T R O D U C T I O N
The phenomenon o f acquired systemic resistance has been extensively described in plants 
reacting to virus infection by formation o f necrotic local lesions. I f  lower leaves are inoculated 
and develop lesions, the upper leaves become to some extent resistant to a subsequent 
challenge inoculation. This resistance is recorded as a reduction in lesion size, lesion 
number or both. The effect has been described in several host-virus combinations (Gil- 
patrick &  Weintraub, 19 5 2 ; Ross, 19 6 1 , 1964; Loebenstein, 19 6 3 ; N agaich &  Singh, 19 7 0 ; 
Kassanis et al. 1974). However, most studies have dealt with acquired resistance to tobacco 
mosaic virus (TM V) in varieties o f N icotiana tabacum  L. such as Xanthi-nc (Kassanis &  
White, 1974, 1975) and Samsun N N  (Ross, 1966; van Loon &  van Kam m en, 1970) con­
taining the N gene (Holmes, 1938) for local lesion formation. It has been suggested that 
alteration in host protein synthesis (Kassanis et al. 19 74 ; van Loon &  van Kammen, 1970) 
or growth regulator metabolism (Balazs et at. 1977) may be involved in the acquisition o f 
systemic resistance.
We have studied the systemic effects o f local lesion formation in Nicotiana g/utinosa  L ., 
a species which shows the local lesion reaction to T M V , and is the original source o f  the 
N gene (Holmes, 1938). In contrast to the acquired systemic resistance found in hyper­
sensitive N. tabacum, we find that local lesion formation in the lower leaves o f  N . glutinosa  
increases the susceptibility o f the upper leaves to infection in a subsequent inoculation.
Application o f abscisic acid (A B A ) to leaves o f hypersensitive tobacco has been shown to 
increase the number o f lesions formed as a result o f subsequent inoculation with T M V  
(Balazs et al. 1973). In this paper we show that at the time o f the challenge inoculation, the
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leve! o f endogenous A B A  in N. glutinosa  leaves showing acquired systemic susceptibility 
was lower than in control leaves. The implications o f  these results for the mechanisms in­
volved in acquired systemic resistance and susceptibility are discussed.
M E T H O D S  I
H ost p lants and viruses. N icotania glutinosa  L . plants were grown in John Innes no. 2 1 
compost in 12-5 cm diam. pots. The plants were kept in a glasshouse under natural lighting. 
The temperature was maintained at 16 °C  at night; during the day it rose to 20 to 25 °C 
depending on the season.
Tobacco mosaic virus strains vulgare and flavum  (originally obtained from  the Max 
Planck Institut fiir Biologie, Abteilung Melchers, Tübingen, West Germ any) were multiplied 
in the systemic host Nicotiana tabacum  cv. Samsun. Infected leaf material was stored at 
— 20 °C. Inocula were prepared by grinding infected leaf material in 50 mM-sodium phos­
phate buffer, pH 7 -0, using a pestle and mortar. The homogenate was filtered through 
muslin and diluted with phosphate buffer as required.
N. glutinosa  plants were given a first inoculation when 15 to 20 cm tall, with five to eight 
fully-expanded leaves. Three lower expanded leaves on each plant were lightly dusted with 
400-mesh Carborundum and inoculated by rubbing with virus suspension. Control plants 
were sham-inoculated by rubbing with sterile phosphate buffer, or with ground, frozen 
healthy leaf material at the same final dilution in phosphate buffer as the virus inoculum. 
Leaves were washed with water after inoculation.
Seven to ten days after the prim ary inoculation, the lesions on the inoculated leaves were 
counted. Three upper expanded leaves on each plant were dusted with Carborundum  and 
inoculated with T M V  suspension (the ‘ challenge’ inoculation). Lesions on the upper 
inoculated leaves were counted 7 days later. Statistical tests o f differences between lesion 
numbers in treatments were by /-test, using transformations for lesion numbers with small 
or very low means described by Kleczkowski ( 1949, 1 955)-
Lesion diam. were measured on the upper, challenge-inoculated leaves 7 days after 
inoculation, using a stereoscopic microscope with x 50 magnification. One randomly-chosen 
diam. o f each o f 7 lesions on each o f 18 leaves was measured, giving a total sample of 
126 lesions for each treatment.
T M V  accumulation in challenge-inoculated upper leaves was measured 7 days after 
inoculation, using a stereoscopic microscope with x 50 magnification. One randomly-chosen 
Fraser &  Whenham ( 1978).
M ost experiments were done with intact plants. However, in some experiments indicated 
below, the plants were decapitated up to one week before prim ary inoculation.
Abscisic acid determination. The endogenous abscisic acid (A B A ) content o f upper leaves 
o f Nicotiana glutinosa  was measured at the time o f the challenge inoculation, 7 days after 
prim ary inoculation o f the lower leaves. F or each treatment, seven plants were used for 
A B A  determination; seven similarly-treated plants received the challenge inoculation.
Ten to 20 g fresh weight o f upper leaves were homogenized in 150 ml ice-cold 80 %  (v/v) 
methanol using an U ltra-Turrax homogenizer. DL-cA-/ra«.y-2-14C-abscisic acid (5 nCi; 
sp. act. 1 1 -1 m Ci/m m ol; Radiochemical Centre, Amersham, U .K .)  was added to the homo­
genate to allow estimation o f the percentage recovery o f A B A  after purification and to 
facilitate location o f A B A  on chromatograms.
A B A  in the homogenate was partially purified by successive acid/base partitioning 
between water and dichloromethane (Zabadal, 1974). A B A  was further purified by chro­
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matography on 3 M M  paper developed with isopropanol/am m onia/water ( 8 : i : i , v / v ) .  
ABA was located on the chromatogram in a spark chamber radiochrom atogram scanner 
(Birchover Instruments Ltd) and eluted with 80 %  methanol. A fter methylation with 
ethereal diazomethane (Schlenk &  Gillerm an, i 960), the A B A  was rechromatographed on 
thin layer plates o f silica gel 60 F 254 (Merck) multiply-developed with hexane/ethyl acetate 
(1 : 1 , v/v).
ABA was located on the chromatogram in the spark chamber. The fraction containing 
the A BA  was scraped o ff the plate and A B A  was eluted with ether. The extract was dried, 
then taken up in 50 /d ethyl acetate. Samples o f 5 /¿I were mixed with 10 ml scintillator 
[60% , v/v, toluene; 4 0 % , v/v, 2-methoxyethanol, containing 5 g/1 2(4'-/-butylphenyl)-5- 
(4"-biphenylyl)-i,3 ,4,-oxadiazole]. Disintegrations per minute o f the 14C -A B A  in the extract, 
hence the percentage efficiency o f the A B A  extraction, were measured by scintillation count­
ing. The counting efficiency o f  each sample was determined by internal standardization, by 
addition o f a known activity o f 14C-toluene (Radiochem ical Centre, Amersham).
Total A B A  content o f the extract was measured by gas chromatography. Samples o f 
5 /d o f the extract were chromatographed on a column containing 5 %  S E -30 coated on 
80- to 100-mesh Chrom osorb W A W -D C M S. The column temperature was 200 °C ; the 
carrier gas was oxygen-free nitrogen at a flow rate o f 40 ml/min. The chrom atograph was 
equipped with a flame-ionisation detector. Cis- and ira/u-methyl abscisate were identified 
on chromatograms by co-chrom atography with authentic cis- and trans-methyl abscisate 
(ABA from Sigm a Chemical C o ., methylated as above) and by combined gas 
chromatography-mass spectrometry.
ABA was measured by the peak area o f cis- plus //-¿7/75--methyl abscisate on the gas 
chromatograph trace, calibrated by chromatography o f known amounts o f pure cis- and 
trans-A B A  methylated as above, and corrected to 10 0 %  recovery using the 14C -A B A  
recovery measurements.
R E S U L T S  
Acquired system ic susceptibility
Fig. 1 shows that when Nicotiana glutinosa  plants were previously inoculated on the 
lower leaves, the number o f lesions produced on subsequent inoculation o f the upper 
leaves was greater than in control plants. Primary inoculation o f the lower leaves thus 
made the upper leaves in some way more susceptible to infection by T M V . Khuruna &  
Hidaka ( 1977) have shown that the non-infected leaves o f TM V-inoculated N . glutinosa  
contain an extractable factor which, if  mixed with T M V  suspension, will increase the 
number o f lesions formed by that inoculum when applied to a fresh N. glutinosa  plant. We 
do not know at present whether our in vivo acquired systemic susceptibility involves the 
operation o f such a factor.
The degree o f  acquired systemic susceptibility produced depended on the lesion density 
on the lower, previously inoculated leaves. Generally, the more concentrated the virus 
suspension used to inoculate the lower leaves, the greater the increase in susceptibility to 
infection o f the upper leaves (Fig. 1 ). I f  the mean number o f lesions per upper challenged 
leaf is plotted against mean number o f lesions per lower inoculated leaf for individual 
plants and the data are then grouped on the basis o f  lower leaf lesion numbers, then an 
approximately linear relationship is obtained between log challenged-leaf lesions and log 
lower-leaf lesions (Fig. 2).
In the experiment shown in Fig. 1 and 2 , the range o f dilutions o f inoculum used for the 
lower leaves was sufficiently wide to produce all possible responses in the lower leaves.
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Fig. i. Acquired systemic susceptibility to infection by TMV in leaves of Nicotiana glutinosa. Three 
lower leaves on each plant were inoculated with sterile phosphate buffer (control) or with various 
dilutions of TMV strain imlgare\ (b) shows the mean numbers of lesions which developed in each 
treatment. Seven days after the primary inoculation, three upper leaves on each plant were 
challenge-inoculated with TMV vulgare in sap diluted I : io4. Lesion numbers on the upper leaves 
(a) were counted 7 days later. (*) and (**) indicate values significantly different from the control at 
P  =  0 01 and P  =  o-oo 1, respectively. Data shown in (a) and (b) are means±s.e. mean; (c) shows 
mean lesion diam. on the challenge-inoculated leaves. The vertical bar is the least significant 
difference (LSD) between treatments at P =  0 05.
The most dilute inocula produced a few lesions on most leaves inoculated, but failed to 
induce any lesions on some. The most concentrated inocula produced complete necrotic 
collapse o f all inoculated lower leaves within 7 days o f inoculation and thus stimulated the 
maximum possible expression o f the hypersensitive reaction.
No lesions were found on the upper leaves o f any plants when these leaves received no 
challenge inoculation, or when they were sham-inoculated with sterile phosphate buffer.
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Fig. 2 . A cq u ired  systemic susceptibili ty  to  infection by T M V  in u p p e r  leaves o f  Nicotianci g lu tin o sa : 
the re la t ion  between lesion n u m b ers  on  the low er  an d  u p p e r  leaves. F o r  individual plants ,  the m ean  
n u m b er  o f  les ions on  the  upper ,  chal lenge- inocu la ted  leaves w as p lo t ted  aga ins t  the  m ean  n u m b e r  
on the lower , previously inocu la ted  leaves. T h e  d a ta  were then  g rouped  on the  bas is o f  low er  leaf 
lesion num bers .  T h e  ca tegor ies  for  g ro u p in g  were con tro ls  (no  low er  leaf  lesions); p lan ts  with 
lesions on the  low er  leaves were g ro u p ed  in 4 ’s in ascending  o rd e r  o f  lesion n um ber .
Table 1 . T M V  R N A  concentration and num ber o f  local lesions 
fo rm e d  on challenge-inoculated upper leaves*
In o c u lu m  used T M V  R N A  Lesions  per
fo r  low er  leaves O 'g /g  u p p e r  leaf)  h a l f  u p p e r  leaf
T M V  t o - i ± o - 8  1 2 2 2  +  7 6
Sterile p h o sp h a te  3 - 1  ± 0 - 5  3 3 1 + 4 0
buffer  (contro l)
* Plants were in o cu la ted  on  th ree  low er  leaves w ith  T M V  stra in  fla vu m  in sap  d i lu ted  1  : i o 3, o r  with sterile 
phosphate buffer (contro l) .  Seven days  la te r  the th ree  u p p e r  leaves o f  all p lan ts  were inocu la ted  w ith  T M V  
strain flavum  in sap  d i lu ted  1  : i o 2. Lesion  n u m b ers  a n d  T M V  R N A  co n ten ts  were m easu red  7  days  a f te r  the 
second inocu la t ion .  All values a re  m e a n s ±  s.e. m ean . T h e  differences between the  t r ea tm en ts  a re  significant 
at P  =  c o i .
Thus the increase in number o f lesions formed on the upper leaves o f plants previously 
inoculated on the lower leaves was not the result o f systemic spread o f virus from the lower 
inoculated leaves.
Table 1 shows amounts o f T M V  R N A  found in upper inoculated leaves o f plants which 
were showing acquired systemic susceptibility and control plants. Because o f the restriction 
of virus multiplication by local lesion formation, T M V  will only multiply to very low 
concentrations in leaves o f N. glutinosa. It was therefore necessary to use a high concentra­
tion o f inoculum for the upper, challenge-inoculated leaves in this experiment, to produce 
high lesion numbers and thus com paratively high and measurable amounts o f  T M V  R N A . 
It is clear that considerably more T M V  R N A  was present in leaves showing acquired 
systemic susceptibility than in the control leaves. The increased number o f lesions found 
on leaves o f plants made more susceptible to infection by a previous inoculation was thus 
paralleled by a similar increase in virus accumulation.
This result, plus the absence o f any lesion formation on uninoculated upper leaves, allows 
us to exclude the possibility that the increased number o f lesions formed on upper leaves o f 
plants after primary inoculation o f the lower leaves was due to the formation o f ‘ non-viral 
lesions’ , such as have been reported to form on uninoculated parts o f N. glutinosa  plants 
kept under continuous light (Shimomura &  Ohashi, 1975).
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Table 2 . Acquired system ic susceptibility in Nicotiana glutinosa 
a t various tim es o f  year*
Lesions p e r  h a l f  leaf D eg ree  of
D a t e  o f ,---------------------- —*------------------------- , acquired
challenge T M V C o n tro l Previously systemic
inocu la t ion straln plants in o cu la ted  p lants susceptibili ty
2 9  Sept. fla vu m 331 ± 4 0 1 2 2 2  +  7 6 3 6 9
2 9  Sept. vulgare 338 ± 5 0 1 0 9 2  ± 5 9 3'23
to  Feb. fla vu m 3-5 +  0-7 9 ' 4 ±  1  '7 2 - 6 8
2 8  Feb. fla vu m 1 3 -8 ±  i - 6 3 8 - 7  ± 6 - 6 2 - 8 0
2 8  M ar. fla vu m 6 8  ±  1 5 1 1 8  ±  3 0 1 - 7 6
1  Ju n e vulgare 6 2  +  9 1 39 ± 1 7 2 - 2 3
1 6  Ju n e vulgare 3 1  ± 4 44 ±  5 I - 4 0  NS
1 6  Ju n e vulgare 4 °  ± 4 6 8  +  9 + 7 2
* Seven days  before  challenge  Inocu la t ion  o f  the  u p p e r  leaves, p lan ts  w ere in o cu la ted  on  three  lower 
leaves with  sterile p h o sp h a te  buffer (con tro l  p lan ts)  o r  w ith  the  T M V  s tra in  s ta ted  (previously  inoculated 
p lants) .  All p lan ts  w ere challenge inocu la ted  on  three  u p p e r  leaves. T h e  degree o f  acq u i red  susceptibility 
is the  m e a n  n u m b e r  o f  lesions per  u p p e r  ha l f  leaf  on  previously  inocu la ted  p lan ts  div ided by the  lesion number 
on leaves o f  co n tro l  plants .  Excep t w here  m a rk e d  NS, differences between t r ea tm en ts  a re  significant at 
P  =  0 -0 5 . All values a re  m ean s  +  s.e. mean.
Reproducibility o f  acquired system ic susceptibility
To determine whether the acquired systemic susceptibility in N. glutinosa  was a repro­
ducible phenomenon, we examined its occurrence under various experimental and environ­
mental conditions. Table 2 is a summary o f several experiments. It is clear that acquired 
systemic susceptibility could be observed at all seasons, and therefore over a wide range of 
natural lighting conditions. The effect occurred both with a common (vulgare) strain of 
T M V  and with the yellow strain flavum .
The increase in lesion number on the upper leaves o f  plants showing acquired systemic 
susceptibility ranged from 1 -4- to 3 7 -fold. In no case did we observe any significant reduc­
tion in lesion number on the upper leaves as a result o f prior inoculation o f the lower leaves.
The numbers o f  lesions produced on the challenge-inoculated leaves varied considerably 
in different experiments, as a consequence o f the different dilutions o f challenge inocula 
used. There was some tendency for the highest levels o f acquired systemic susceptibility to 
be associated with the highest absolute lesion numbers on the challenged leaves, but in some 
experiments high levels o f acquired susceptibility were found in upper leaves with low lesion 
numbers (Table 2).
Acquired systemic susceptibility was observed equally in young plants and in old plants 
well into the flowering phase. Decapitation reduced the absolute numbers o f lesions in all 
treatments, but also reduced the relative increase in susceptibility caused by previous 
inoculation o f the lower leaves (Table 3). However, decapitated plants still showed statistic­
ally significant acquired systemic susceptibility.
Sham-inoculating the lower leaves o f control plants with diluted, healthy leaf material 
homogenate rather than sterile phosphate buffer made no difference to the level o f acquired 
susceptibility obtained. The susceptibility induced is thus unlikely to have been associated 
with any effect o f a normal plant component present in the homogenate o f infected leaf 
used as primary inoculum for the virus treatments.
When Nicotiana tabacum  plants carrying the N gene for resistance to T M V  (Holmes, 
1938) were grown in the same glasshouse, the classical acquired systemic resistance was 
observed. Plants on which three lower leaves had been previously inoculated with TM V
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Table 3 . E ffects o f  decapitation on acquired system ic susceptibility in 
N icotiana glutinosa*
Lesion number per challenged
upper half leaf Degree of
,---------------------*---------------------■> acquired
Treatment of Control Previously systemic
plants plants inoculated plants susceptibility
Intact 62 + 9 1 1 3 +  13 1-82
Decapitated 49 ±5 64 ±  6 1-31 NS
Intact 62 ±9 139+ 17 2-23
Decapitated 24 ± 5 47 ±  8 1-96
* Two experiments are shown. For the first, plants were decapitated immediately before the primary 
inoculation. For the second, plants were decapitated one week before the primary inoculation. Three lower 
leaves on each plant were inoculated with sterile phosphate buffer (control plants) or with TMV strain vulgare 
(previously inoculated plants). The degree of acquired systemic susceptibility induced by primary inoculation 
of the lower leaves was calculated as explained in the legend to Table 2. With the exception of the value 
marked NS, differences between treatments are significant at P — 0-05.
showed approx. 5 0 %  reduction in mean lesion diam. and lesion number on the challenge- 
inoculated upper leaves compared to controls (our unpublished results). Thus the acquired 
systemic susceptibility displayed by N . glutinosa  appears to be a feature o f the host species, 
rather than the environment.
Acquired system ic susceptibility and lesion size
Fig. 1 shows mean lesion diam. in upper, challenge-inoculated leaves showing various 
degrees o f acquired systemic susceptibility. It is clear that increase in lesion numbers on 
the leaves o f plants showing increased susceptibility was associated with a small, though 
statistically significant reduction in mean lesion diam. The largest decrease in mean lesion 
diam. was 1 6 %  o f the control and was obtained when the lower leaves had been inoculated 
with an inoculum rather more dilute than that required to induce the highest level o f 
acquired susceptibility.
Endogenous abscisic acid and acquired system ic susceptibility
Balazs et al. ( 1973) have shown that when tobacco leaves are treated with high concentra­
tions o f exogenous A B A , their susceptibility to infection by tobacco mosaic virus increases, 
resulting in an increased number o f lesions on the treated leaves. To determine whether the 
acquired systemic susceptibility in N . glutinosa  was related in any way to endogenous levels 
of A B A , we measured endogenous A B A  concentrations at the time o f the challenge inocula­
tion. Plants were previously inoculated on the lower leaves with different concentrations o f 
virus suspension, to produce a range o f lesion densities, or with sterile phosphate buffer as 
controls. A t the time o f the challenge inoculation, plants in each treatment were split into 
two groups. Upper leaves o f  one group were challenge inoculated and used to determine 
the level o f acquired systemic susceptibility induced by the treatment. Upper leaves o f the 
other group were used for A B A  determinations.
The concentration o f A B A  in upper leaves o f control (sham-inoculated) plants varied 
from 25 to 65 ng/g fresh weight, depending on the experiment and environmental conditions. 
Inoculation o f the lower leaves resulted in a reduction in the concentration o f A B A  in the 
upper leaves at the time o f the challenge inoculation 7 days later. Fig. 3 shows the collected 
results o f replicate experiments. A ll A B A  values are expressed as percentages o f  the A B A
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Lesion number relative to control
Fig. 3 . E n d o g e n o u s  abscisic acid c o n c e n t ra t io n s  in N ico tiana  g lu linosa  leaves show ing  acqu ired  
systemic susceptibili ty.  D a ta  f ro m  tw o se para te  exper im en ts  a re  sh o w n  ( O )  a n d  ( • ) .  A B A  levels 
were m easu red  in the  u p p e r  leaves 7  days  a f te r  sh a m -in o cu la t io n  o f  the lower  leaves (con tro ls )  or  
a f te r  inocu la t ion  o f  the lower  leaves w ith  var ious  c o n c e n t ra t io n s  o f  T M V  stra in  fla vu m . U p p e r  
leaves on p lan ts  t rea ted  in parallel were chal lenge- inocu la ted  a t  the  sam e t ime as the  A B A  deter­
m ina t ion .  Lesions tha t  developed  on the  chal lenged  leaves were  co u n ted ,  a n d  the  increase in lesion 
n u m b e r  on leaves show ing  acqu ired  susceptibili ty  relative to  the con t ro ls  was calculated .
concentration in the sham-inoculated control for that experiment. Generally, the higher the 
level o f acquired systemic susceptibility recorded in the upper leaves, the lower their A BA  
concentration (relative to the control) at the time o f the challenge inoculation. Thus we 
find a negative correlation between endogenous A B A  concentration and susceptibility to 
infection by T M V , in contrast to the result o f Balazs et al. ( 1973). However, in considering 
the differences between the two sets o f results, it should be remembered that Balazs et al. 
( 1973) used A B A  concentrations vastly in excess o f those occurring naturally.
D I S C U S S I O N
In this paper, we have shown that inoculation o f the lower leaves o f N icotiana glutinosa 
with T M V  alters the response o f the upper leaves to a subsequent inoculation with TM V . 
This alteration takes two form s: the lesions formed on the challenged upper leaves are 
slightly reduced in size, and are considerably more numerous, than on similarly treated 
leaves o f control plants. It is likely that separate mechanisms underly these two changes in 
response induced by the initial local lesion formation on the lower leaves.
Ross ( 1966) found that prior inoculation o f Samsun N N  tobacco with T M V  resulted in 
a reduction o f up to 80%  in the size o f lesions formed on subsequent challenge-inoculation 
o f previously uninoculated parts o f the plant. This reduction in size has been interpreted 
as evidence for systemic acquired resistance. Balazs et al. ( 1977) however have suggested 
that the reduction in lesion size is a consequence o f failure o f tissue to turn necrotic, not a 
reduction in the amount o f virus multiplication in the challenge-inoculated leaf. In our 
experiments, the maximum reduction in lesion diam. was only 1 6 % . Clearly, any resistance
mechanism which operates by reducing the size o f lesions in the challenged leaf has very 
much less activity in N . giutinosa  than in hypersensitive Nicotiana tabacum.
Many reports o f acquired systemic resistance in hypersensitive Nicotiana tabacum  show 
that the number o f lesions formed on the challenged leaf is reduced as a result o f prior 
inoculation o f the lower leaves with T M V  (Ross, 1966; Kassanis et al. 1974). Treating the 
challenged or lower leaves with polyanions such as polyacrylic acid before challenge 
inoculation also reduces the number o f lesions formed (Gianinazzi &  Kassanis, 19 74 ; 
Kassanis &  White, 1974, 19 7 5 ; Cassells et al. 1978). Our results showing acquired systemic 
susceptibility in N . giutinosa  are thus the direct opposite o f the acquired systemic resistance 
found in hypersensitive varieties o f N. tabacum. Our results show that the presence o f the 
N gene and its activity in local lesion formation do not inevitably lead to acquired resistance 
as the overriding response. This raises the question o f what mechanisms are involved in the 
acquisition o f systemic susceptibility or resistance.
Two classes o f mechanism may be proposed. For acquired systemic resistance, it has 
been suggested that a specific antiviral mechanism operates against infection or virus 
multiplication, to reduce lesion number or size (Ross, 1966; Kassanis et al. 1974). Certain 
new proteins (‘ b ’ proteins) become detectable in the resistant leaves after prim ary virus 
inoculation or polyacrylic acid treatment (van Loon &  van Kammen, 1970 ; Kassanis et al. 
1974; Antoniw &  Pierpoint, 1978). It has been suggested that these ‘ b ’ proteins may be 
involved in the resistance reaction, perhaps in a manner analagous to interferon in animals 
(Gianinazzi &  Kassanis, 1974).
Clearly, our finding o f acquired systemic susceptibility cannot be explained on the basis 
of any such specific resistance mechanism. Acquired susceptibility does not, however, in 
itself exclude the possibility that an interferon-like mechanism might operate in N . g iu tinosa : 
the resistance mechanism could be obscured by a separate mechanism stimulating lesion 
formation. An interferon-like mechanism could be responsible for the slight reduction in 
lesion diameter observed in leaves showing increased susceptibility as measured by increased 
lesion numbers (Fig. 1 ). van Loon &  van Kammen ( 1970) did find new proteins in non­
infected parts o f N . giutinosa  after lesion form ation; these proteins were in some ways 
similar to the ‘ b ’ proteins o f N. tabacum. However, ‘ b ’ proteins have not yet been shown to 
have any direct antiviral action (Antoniw &  Pierpoint, 1978), and van Loon ( 1975) was able 
to induce acquired resistance in Samsun N N  tobacco with mercuric chloride without the 
occurrence o f ‘ b ’ proteins. The existence and function o f an interferon-like antiviral 
mechanism in the response o f the plant to a second inoculation thus remain to be established. 
The acquired systemic susceptibility shown by N. giutinosa  suggests that induction o f an 
antiviral mechanism is unlikely to give a complete explanation o f the altered response to 
the challenge inoculation.
An alternative model may offer an explanation o f both acquired systemic resistance and 
susceptibility. Increases or decreases in lesion numbers might arise from changes induced 
in the metabolic or physiological state o f the host which alter the susceptibility o f sites on 
the challenged leaf to infection or lesion development. Cassels et al. ( 1978) have shown in 
Xanthi-nc tobacco that the resistance to T M V  induced by polyacrylic acid is associated with 
increased leaf water stress. They suggest that the loss o f turgidity may reduce the suscepti­
bility o f surface sites to infection by T M V . Experimental support for this hypothesis comes 
from their observation that treatment o f leaves with an anti-transpirant abolishes the 
polyacrylic acid-induced resistance (Cassells et al. 1978).
Our results with N. giutinosa  are also consistent with the idea that alterations in leaf water 
status affect susceptibility to infection. Abscisic acid levels are known to increase with
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increasing leaf water stress (Zabadal, 19 7 4 ; Beardsell Cohen, 1975). We consistently found 
that leaves with acquired susceptibility to infection had lower A B A  concentrations than 
control leaves (Fig. 3), suggesting that such leaves had lower water stress and greater 
turgidity than control leaves. This may explain their enhanced susceptibility to infection.
It remains to be seen how local lesion formation on the lower leaves o f tobacco plants 
can alter the water relations o f the upper leaves. However, cytokinins (Livne &  Vaadia, 
1965 ; Biddington &  Thom as, 1978) and abscisic acid (Cummins et al. 1 9 7 1 ; Zabadal, 1974) 
are known to affect transpiration and stomatal opening. The demonstration that formation 
o f local lesions on lower leaves can alter the A B A  concentrations (Fig. 3) and cytokinin 
concentrations (Balazs et al. 1977) in uninfected upper leaves provides the basis o f  a possible 
mechanism.
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White Burley tobacco is a differential host for tobacco mosaic virus. The virus strain vulgare 
gives a systemic infection. In contrast, the strain fiavum is restricted to necrotic local lesions 
which form round the point of infection. When plants formed local lesions on the lower leaves 
after inoculation withflavum, the lesions formed on the upper leaves in response to a subsequent 
challenge inoculation with flavum were smaller and fewer than those formed on comparable 
leaves of plants which had not received the first inoculation. The differential host therefore 
showed systemic consequences of the initial local lesion reaction similar to the “ acquired 
systemic resistance”  described by other authors for tobacco varieties containing the N  gene, 
which causes a local lesion reaction against all strains of tobacco mosaic virus.
Multiplication of tobacco mosaic virus in the challenge-inoculated leaves was followed by 
measuring the accumulation of viral RNA. It is shown that formation offlavum lesions on the 
lower leaves did not reduce the accumulation offlavum or the systemic strain vulgare when the 
upper leaves were challenge-inoculated with these strains. These results imply that “ systemic 
acquired resistance”  as measured by reduction in lesion size and number is not resistance as 
measured by inhibition of viral multiplication. The mechanisms involved in restricting 
lesion size and number in the “ resistant”  leaves are discussed.
IN T R O D U C T IO N
T h e N  gene from Nicotiana glutinosa L . has been introduced into m any varieties o f 
Nicotiana tabacum L . \11, 23]. W hen tobacco plants containing this gene are inocu­
lated with tobacco mosaic virus (T M V ), the virus is norm ally restricted to the 
necrotic local lesions which form around the sites o f infection: the virus does not 
spread systematically. Developm ent o f local lesions after inoculation m ay alter the 
response o f uninfected parts o f the plant to a subsequent inoculation. For exam ple, 
lesion formation on the lower leaves o f the N  gene tobacco varieties Sam sun N N  and 
Xanth i-nc can reduce the num ber [12, 20, 21, 26] and size [2, 15, 20, 22, 27] o f 
lesions formed when the upper leaves are subsequently inoculated. This phenomenon 
has been referred to as “ acquired systemic resistance”  [15, 21]. I t  has been suggested 
that alterations in host protein synthesis [12, 26, 29], water relations [7] or hormone 
metabolism [1, 2] m ay be involved.
Certain varieties o f tobacco which do not contain the N  gene will act as differ­
ential hosts for T M V  [18, 25]. These varieties will form necrotic local lesions with
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some strains o f T M V , whereas other strains elicit no hypersensitive response, but 
spread systemically. The prim ary aim  o f this study was to determine whether sys­
temic consequences o f local lesion formation, such as “ acquired systemic resistance” , 
occur when the hypersensitive reaction is determined by the nature o f the virus in 
such a differential host. It  is shown that size and num ber o f lesions formed on the 
upper leaves o f a differential host are lower i f  the plants had formed lesions 
on the lower leaves previously.
In  tobacco varieties containing the jV" gene, there has been some doubt about 
whether the “ acquired systemic resistance”  actually involves any inhibition o f virus 
multiplication in the inoculated “ resistant”  leaves. For exam ple, Balazs et al. [7, 2] 
have suggested that the induced resistance in Xanth i-nc tobacco, expressed as a 
reduction in lesion size and number, m ay sim ply reflect a failure o f lesions to turn 
necrotic, rather than an inhibition o f virus m ultiplication. This interesting conclusion 
was, however, based on estimates o f T M V  content by infectivity assay, a technique 
unlikely to detect small differences in T M V  concentration between treatments [3 ]. 
Others \21, 26] have concluded that “ resistant” , challenge-inoculated leaves do 
contain less virus than control leaves.
T h e second aim o f this work therefore was to com pare the accum ulation o f T M V  
in leaves showing the “ acquired systemic resistance”  effects o f fewer and sm aller 
lesions, with T M V  accum ulation in control leaves, by a technique which is capable o f 
detecting small differences in T M V  content between treatments. A gain  use was 
made o f the differential host. This permitted measurement o f the consequences o f 
local lesion formation on the lower leaves for the accum ulation o f either the local 
lesion or the systemic strains o f T M V  when subsequently these were inoculated on 
the upper leaves. The systemic strain multiples to a much greater extent than the 
local lesion strain, and thus provides a different and perhaps greater test o f any 
induced resistance mechanism.
M A T E R IA L S  A N D  M E T H O D S
Plants and viruses
T h e differential host was Nicotiana tabacum L . var. W hite Burley. In  this, the T M V  
strain vulgare becomes systemic; the T M V  strainJlavum [77] is localized in necrotic 
lesions. N . tabacum var. Burley S 3, which does contain the N  gene, forms necrotic 
local lesions with both virus strains, and was used for comparisons with the differential 
host.
Plants were grown in Jo h n  Innes no. 2 compost in 12-5 cm diam eter pots. The 
plants were kept in a glasshouse under natural lighting conditions. T h e tem perature 
was m aintained at 16  °C  at night and at 20 to 25 °C  during the day, depending on 
the season.
The two virus strains were m ultiplied in Sam sun tobacco, in which both are 
systemic. Infected leaves were stored frozen at — 20 °G. Inocula were prepared by 
grinding stored leaf with 50 m M  sodium phosphate buffer, pH  7-0, using a pestle 
and mortar. The inocula were diluted with phosphate buffer to produce the final 
lesion density required.
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Inoculation
White Burley and Burley S 3 plants with four to six expanded leaves were dusted 
lightly with 400-mesh carborundum  on two middle expanded leaves. These were 
inoculated by hand rubbing with virus suspensions at appropriate dilution, then 
rinsing with water. T h e strain o f virus used is given in Results for each experiment. 
Control plants were sham-inoculated with sterile phosphate buffer. This inoculation 
o f the lower leaves is referred to as the “ prim ary”  inoculation. A t least seven plants 
were used for each treatment.
Ten days after prim ary inoculation, the lesions on the inoculated leaves were 
counted. T h e two highest expanded leaves on each plant (including sham-inoculated 
controls) were then inoculated with flavum  or vulgare, as detailed below. This inocu­
lation o f the upper leaves is referred to as the “ challenge”  inoculation. The same 
dilution o f challenge inoculum was used for all treatments in an experiment.
Lesions on the challenge-inoculated leaves were counted 10  to 15  days after 
inoculation. Lesion size was estimated by measuring one random ly chosen diam eter 
of 100 to 200 lesions for each treatment, using a stereoscopic microscope with a m agni­
fication o f x  50. Lesions were measured on at least 10  leaves from 10  separate plants 
for each treatment. L e a f  areas o f the challenge-inoculated leaves were measured 
with a television lea f area monitor 10 days after challenge inoculation.
T M V  multiplication
Samples o f 1 g challenge-inoculated lea f were taken at various times after inoculation. 
V irus content o f the samples was measured as T M V  R N A . This was extracted, puri­
fied, separated by polyacrylam ide gel electrophoresis and measured as explained 
elsewhere [9, 29], A t least four plants were sampled for each treatment at each 
harvest.
Statistical analysis
Differences between treatments were analysed for significance by Student’s ¿-test. 
Lesion numbers were transformed logarithm ically as explained by Kleczkowski [22] 
before analysis.
R E S U L T S
Lesion size and number in challenge-inoculated leaves
Figure 1 shows the effects o f local lesion formation on the lower leaves o f flavum- 
infected W hite Burley on lesion formation on the challenge-inoculated upper leaves. 
The lower leaves were inoculated with a wide range o f dilutions o f virus : the response 
in these leaves varied from very few lesions at the greatest dilution to general necrotic 
collapse o f up to 20 %  o f the lea f area at the lowest dilution. Lesion numbers on the 
prim arily inoculated leaves are presented in Fig. 1 as per unit lea f area, as at the 
lower inoculum dilutions the lesions per lea f were too numerous to count conveniently.
T h e upper leaves o f all plants, including the controls which had been sham- 
inoculated on the lower leaves, were challenge-inoculated with the same dilution o f
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F i g .  1. Lesion numbers and diameters, and leaf areas, of TM V strain flavum-infected White 
Burley tobacco plants. Lower leaves were infected with sterile phosphate buffer (control) or 
with various dilutions of virus solution. ( • )  Numbers of lesions developing on the inoculated 
lower leaves. The upper leaves of all plants were challenge-inoculated with TM V strain 
flavum at a dilution of 1 : 5 x 103, 10 days after the primary inoculation. (■) Mean lesion 
diameter on upper leaves, measured 10 days after challenge-inoculation. (O) Number of 
lesions per half challenge-inoculated leaf, (a) Upper leaf area, measured 10 days after 
challenge-inoculation. (A) Lesions per unit area of challenge-inoculated leaf. Values marked 
(*) and (**) are significantly different from the control value at P =  0-05 and P — 0-01 
respectively.
flavnm. Thus any differences in lesion size or num ber on the challenge-inoculated 
leaves were a consequence o f the treatment applied to the prim arily-infected lower 
leaves.
Several differences were apparent in challenge-inoculated leaves between treat­
ments. The number o f lesions formed on the upper leaves was lower when the 
lower leaves had been inoculated with virus than when the lower leaves had been 
sham-inoculated. T h e reduction in lesion number on the challenge-inoculated leaves 
increased with increasing density o f lesions on the prim arily-inoculated leaves (Fig. 1) . 
The diam eter o f lesions on the challenge-inoculated leaves was also reduced in plants 
where the lower leaves had formed lesions. A gain , the greater the density o f lesions 
on the lower leaves, the greater the reduction in lesion diameter. F inally, the area o f 
the challenge-inoculated leaves was reduced in plants with T M V -inocu lated  lower 
leaves; the reduction in area was greater when the lower leaves had high lesion 
densities. Measurements o f the lengths o f challenge-inoculated leaves at the time o f 
challenge inoculation confirmed that the differences in size were established by this 
stage in the experiment. Reduction in lea f size was thus a consequence o f the effects 
o f the prim ary inoculation.
Sm aller leaves might perhaps have fewer infectible sites than large leaves: the 
effects o f lesions on the lower leaves on upper lea f area should thus be taken into 
account when measuring effects o f lower lea f treatments on numbers o f lesions formed 
on the challenge-inoculated upper leaves. Figure 1 shows that when the numbers of 
upper lea f lesions were expressed per unit lea f area, lesion density on the upper leaves 
was still inversely proportional to lesion density on the prim arily-inoculated leaves. 
The reduction in lesion density was, however, less marked than the reduction in 
absolute lesion numbers per upper h a lf leaf.
This experiment has been repeated at different times o f year, with consequent 
differences in natural lighting conditions. In  each case the reductions in lesion 
number, diam eter and lea f area have been observed. On average, in treatments 
showing the m axim um  difference from the control, lesion number was reduced by 
25 to 50% , lesion diam eter was reduced b y rather less ( 15  to 40% ) and lea f area was 
least affected, being reduced by 10  to 2 5% .
In  the different experiments, the absolute numbers o f lesions formed on the 
challenge-inoculated leaves varied as a result o f the different concentrations o f chal­
lenge inoculum used. T h e range o f mean lesion num ber was from 10 to 1000 per 
h alf challenge-inoculated leaf. There was no obvious correlation between absolute 
lesion num ber and degree o f reduction in lesion size or number com pared to the 
controls.
A  differential host is, by definition, subject to systemic infection by some strains 
of virus. W hite Burley plants inoculated with flavum  on the lower leaves frequently 
showed development o f systemic symptoms on the very youngest upper leaves. These 
symptoms appeared in 25 to 50 %  o f plants, generally within 10  to 30 days o f the 
prim ary inoculation. T h ey  were probably caused by naturally occurring mutants 
in the inoculum used for the lower leaves, or by mutants arising during the limited 
virus m ultiplication in the lower leaves. T h e nature o f the mutation which causes 
the change from local lesion-forming to systemic type is not known. W hen these 
mutant strains were taken from the very young systemically infected leaves and re­
inoculated onto fresh W hite Burley plants, they again became systemic, without local 
lesion formation. T h eir original systemic occurrence was not therefore m erely a 
result o f a breakdown o f the host localization reaction perm itting the flavum  type 
itself to go systemic.
There is reason to believe that the systemically spreading mutants had no effects 
on the development o f lesions in the upper, challenge-inoculated leaves. Firstly, the 
systemic spread was initially into much younger leaves, and did not penetrate the 
challenged leaves until well after challenge inoculation. Secondly, when lesion 
development on challenge-inoculated leaves was followed in plants separated into 
groups with or without systemic symptoms, no differences in the effects o f prim ary 
inoculation on lesion size or num ber in the challenge-inoculated leaves were found 
between the two groups.
T o  com pare the results obtained with the differential host with those from an jV 
gene host grown under the same conditions, the experiment shown in Fig. 1 was 
repeated with Burley S 3 tobacco. T ab le 1 summarizes the results. It  is clear that 
formation o f lesions on the prim arily-inoculated leaves resulted in a reduction in size 
and num ber o f lesions on the challenge-inoculated leaves, com pared to the controls.
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T a b l e  1
Lesion numbers and diameters, and leaf areas, of challenge-inoculated leaves of Burley S3 tobacco
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Inoculum used for lower leaves“ TM V strain vulgare
Sterile phosphate buffer 
(control) Per cent'
Lesions per 100 cm2 of lower leaf 471 0
Upper inoculated leaf:6
Lesion diameter (mm) 2-31 +  0-6 3-91+ 0-8“ 59
Leaf area (cm2) 539+17 778 +  45 69
Lesions per half leaf 23-8 +  4-0 88-1 +  7-4 27
Lesions per 100 cm2 leaf area 8-7+ 3-0 22-1+ 7-4 39
“ Lower leaves were inoculated with TM V strain vulgare at a dilution of 1 : 2 x 102, or 
with sterile phosphate buffer.
6 Upper leaves of all plants were challenge-inoculated with TM V strain vulgare at a dilution 
of 1 : 103.
0 Values for plants inoculated with vulgare on the lower leaves, expressed as a percentage of 
the controls.
d For all parameters measured, the differences between the two treatments are statistically 
significant at least at the P =  0-05 level. Values are means +  s.e.m.
L e a f area o f the challenge-inoculated leaves also was reduced as a result o f lesion 
formation on the lower leaves. The reduction in all three param eters was larger than 
the corresponding reduction observed with the differential host (Fig. 1) .
Thus both the JV  gene host and the differential host show the effect described as 
“ acquired systemic resistance” , with reduction in lesion size and number.
Virus accumulation in challenge-inoculated leaves
The reduction in lesion size and num ber in challenge-inoculated upper leaves of 
plants which had formed lesions on the lower leaves raises the question o f whether 
virus multiplication was also reduced. Figure 2 shows the patterns o f accum ulation 
o f T M V  strain Jlavum in challenge-inoculated leaves o f W hite Burley tobacco. The 
amount o f T M V  R N A  accum ulation in a local lesion reaction is very small. T o  
facilitate measurement, a very high concentration o f inoculum was used to produce 
the m axim um  number o f lesions possible without causing necrotic collapse o f the 
leaf. Lesions first became visible 3 to 4 days after challenge-inoculation, and increased 
in diam eter at an approxim ately linear rate for at least 10  days thereafter (R . J .  
Whenham, unpublished results). Net T M V  R N A  accum ulation stopped when the 
lesions became visible, by day 4, and the concentration did not rise during the period 
up to day 15  when the lesions were growing in size. Indeed, there was some slight 
decrease in T M V  R N A  concentration between 4 and 15  days, probably due to some 
degradation o f virus as tissue became necrotic. D uring the period up to 15  days, 
there was no difference in T M V  R N A  concentration between the controls and plants 
previously inoculated on the lower leaves.
Lesion numbers and sizes for this experiment are summarized in T ab le  2. From  
these data, we can calculate the reduction in T M V  R N A  concentration which might 
be expected from the “ resistance”  o f the challenge-inoculated leaves, i f  it were to be 
assumed that T M V  R N A  concentration is proportional to lesion num ber and lesion 
area. For the experiment shown in Fig. 2, it was calculated that the concentration o f
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Fic. 2. Accumulation of TM V strain flavum RNA in challenge-inoculated leaves of White 
Burley tobacco. Upper leaves were challenge-inoculated with the local lesion-forming strain 
flavum at a dilution of 1 : 5 x 102. Ten days before the challenge-inoculation, the plants had 
been primarily inoculated with sterile phosphate buffer (controls) (□) or with TM V strain 
flavum at 1 : 102 dilution (■). Each point is the mean of three determinations.
virus in the “ resistant”  leaves should be 39%  o f that in the control leaves (Table 2). 
C learly no such difference existed (Fig. 2). Thus the reduced size and number o f 
lesions in “ resistant”  leaves was not accom panied by a corresponding reduction in 
virus accum ulation. The experiment shown in Fig. 2 and T ab le 2 was chosen as an 
extreme exam ple, as the calculated expected reduction in T M V  R N A  concentration 
in the “ resistant”  leaves was large, and therefore would have been com paratively 
easy to detect. In  replicate experiments, the calculated T M V  R N A  content of the 
“ resistant”  leaves ranged from 34 to 70%  o f the control level. Such differences in 
T M V  R N A  content should be detectable by the polyacrylam ide gel assay method.
T a b l e  2
Size and numbers of lesions on challenge-inoculated upper leaves of White Burley tobacco
Inoculum used for lower leaves’1
TM V strain 
flavum
Sterile phosphate buffer 
(control) Per cent0
Lesions per half upper leaf6 468 +  56 626 +  20 75 P c O -05
Mean lesion diameter (mm) at 10 days 2-78 +  0-25 4-52 +  0-30 61 PcO-01
Mean lesion area (mm2) 5-94 16-04 37
Mean leaf weight (g) 4-53 6-30 72
Calculated content of TM V RNA g 
fresh wt_l (relative units)d
613 1593 39
“ Lower leaves were inoculated with TM V strain flavum at a dilution of 1 : 102, or with 
sterile phosphate buffer.
b Upper leaves of all plants were challenge-inoculated with TM V strain flavum at a dilution 
of 1 : 5 x 102.
0 Values for plants inoculated with flavum on the lower leaves, expressed as a percentage 
of the control values.
d Calculated assuming that TM V RNA per lesion is proportional to lesion area. Calculated 
TM V RNA/g =  number of lesions X  lesion area+ leaf weight.
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T h e fact that no differences were detected between control and “ resistant”  leaves by 
this method substantiates the conclusions o f Balazs et al. [2] based on infectivity assays.
After 15  days, the concentration o f T M V  R N A  in the challenge-inoculated leaves 
began to rise again. This was because o f the eventual invasion o f the challenge- 
inoculated leaves by the naturally occurring systemic mutants. This systemic spread 
was earlier in those plants which had received a prim ary inoculation than in controls 
which received only the challenge inoculation (Fig. 2).
W hen the upper leaves o f W hite Burley plants were challenge-inoculated with 
strain vulgare, a systemic infection resulted. T M V  R N A  accum ulated to a very much 
higher concentration than when local lesions were formed. Figure 3 shows the pat­
terns of accum ulation in leaves o f control plants, and in plants previously inoculated 
with flavum  and forming lesions on the lower leaves. T h e two experiments shown 
used different concentrations o f challenge-inoculum, which resulted in rapid and 
slightly delayed accum ulation patterns. A gain  there was no evidence o f any reduction 
in rate o f viral R N A  accum ulation in the challenge-inoculated leaves o f those plants 
which had been inoculated previously with Jlavum and had formed lesions on the 
lower leaves. Indeed, these plants seemed to accum ulate T M V  R N A  faster than the 
controls for the first 10 days after inoculation, though later concentrations were very 
similar. Thus the “ resistance”  expressed as a reduction in lesion size and number 
does not reduce the m ultiplication o f a systemic strain o f the virus.
F i g .  3 . Accumulation o f  TM V strain vulgare R X A  in challenge-inoculated leaves of 
White Burley tobacco. Upper leaves were challenge-inoculated with the systemic TM V 
strain vulgare at dilutions of 1 : 5 x 103 (a) or 1 : 2 x 102 (b). Ten days before the challenge- 
inoculation, plants had been inoculated primarily on the lower leaves with sterile phosphate 
buffer (controls) ( A ,  O )  or with the local lesion-forming strain flavum at a dilution of 1 : 102 
(A, •)■
Altered sens itiv ity  to  TM V 391
Systemic spread o f the natural mutants arising from the prim ary Jlavum inoculation 
did occur in plants which were challenge-inoculated with vulgare. The systemic 
mutants could be distinguished from the normal systemic spread o f vulgare by their 
extreme symptoms, which included yellow flecking and severe lea f crinkle. T o  avoid 
interference with the measurement o f vulgare m ultiplication in challenge-inoculated 
leaves, any plants showing systemic mutant symptoms in the youngest leaves were 
discarded.
D IS C U S S IO N
Is “acquired systemic resistance”  actually resistance?
The results presented here show that formation of local lesions on the lower leaves o f a 
differential host results in the development o f fewer and sm aller lesions when the 
upper leaves are inoculated subsequently with the same strain o f virus. In  these 
respects the results are sim ilar to the “ acquired systemic resistance”  reported in 
varieties o f tobacco containing the jV gene for hypersensitivity [6, 12, 20 -2 2 ], The 
occurrence o f “ acquired systemic resistance”  in a non-TV gene tobacco variety shows 
that the phenomenon is not linked exclusively with TV gene function, but can be 
induced by local lesion formation caused by other determinants. The occurrence of 
systemic resistance-type effects in other host-virus combinations [27] is further evi­
dence that the effect is dependent generally on local lesion formation, and not on the 
activity o f any single, specific genetic element.
The demonstration in W hite Burley that the accum ulation o f either systemic or 
local lesion strains o f virus is not reduced in the challenge-inoculated leaves by pre­
vious lesion formation on lower leaves suggests that the phenomenon is not one o f 
resistance to virus as such. Balazs et al. [7, 2] reached a sim ilar conclusion from 
results showing that infectivities o f extracted virus in “ resistant”  and control challenge- 
inoculated leaves o f Xanthi-nc tobacco were similar, although lesions on the “ re­
sistant”  leaves were sm aller and less numerous. In  contrast, Ross [27] found that 
“ resistant”  leaves o f Sam sun N N  tobacco had much lower relative infectivity than 
control leaves. The reason for the difference between these two reports is not clear. 
V an  Loon &  Dijkstra [28 ] reported that when Sam sun tobacco (lacking the TV gene) 
formed lesions on lower leaves in response to infection with tobacco necrosis virus, the 
amount o f T M V  accum ulated in a subsequent systemic infection o f the upper leaves 
was slightly reduced. This measurement was, however, made at only one time, 
shortly after challenge inoculation, and therefore cannot be com pared with the 
results in F ig. 3.
A  qualification must be attached to all these attempts to test for resistance by 
measuring T M V  content, directly or by infectivity. Content depends on rate o f virus 
synthesis and rate o f loss by degradation during necrosis. A  resistance mechanism 
might be expected to operate against T M V  synthesis. Such resistance could operate 
without necessarily reducing T M V  content: a slower rate o f T M V  synthesis could be 
balanced in “ resistant”  leaves by a slower rate o f degradation during necrosis o f the 
lesions. M easurements o f lesion diam ater (Fig. 1) shows that necrosis does proceed 
more slowly in “ resistant”  leaves. However, any such “ cryptic”  resistance clearly 
cannot operate against the systemic strain o f virus, where no difference was detected
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between final T M V  R N A  contents o f control and “ resistant”  leaves (Fig. 3), and 
where loss o f virus by necrosis does not occur. The possibility o f resistance operating 
against T M V  synthesis in necrotic lesions is being investigated further by direct 
measurement o f synthetic rates.
Effects on lesion size and number
Ross [27] suggested that the acquired systemic resistance effects on lesion size and 
number were related: that reduction in numbers was a secondary effect stemming 
from such reduction in size that the lesion was no longer visible. However, there is 
reason to believe that the two effects m ay be produced by separate mechanisms, 
as they can vary  independently in other situations. For exam ple, in JV. glutinosa, we 
found that lesion formation on the lower leaves resulted in slightly smaller lesions on 
challenge-inoculated upper leaves, but these lesions were up to 3-5 times more 
numerous than on challenged control leaves [#]. Cassells et al. [7] found a reduction 
in lesion number in Xanthi-nc tobacco, but no effects on lesion size.
The mechanism causing lesions on upper leaves o f previously inoculated W hite 
Burley plants to be smaller than those o f control plants need not be related to the 
mechanism responsible for preventing spread o f virus from near the site o f infection 
as part o f the normal local lesion response. This restrictive mechanism [75] obviously 
operates in both cases. Indeed, the equal concentrations o f T M V  R N A  accum ulated 
in leaves showing large and small lesions (Fig. 2 ; T ab le  2) suggests that the mechanism 
restricting virus spread operates equally well in the two cases. Balazs et al. [7, 2] have 
suggested that the slower growth in size o f necrotic lesions on “ resistant”  leaves m ay 
be caused by alterations in lea f cytokinin content as a result o f lesion formation on 
lower leaves.
A  likely explanation for altered lesion numbers on the challenge-inoculated leaf 
is that the number or susceptibility o f infectible sites is altered if  the lower leaves form 
necrotic lesions. Reduction in the number o f infected sites might be expected to 
reduce the amount o f virus synthesized if  the amount o f virus per lesion is the same 
for all treatments. However, the reduction in upper lea f size as a consequence of 
lesion formation on lower leaves tends at least partly, to cancel out the effects o f re­
duction in lesion numbers, when T M V  R N A  is calculated per g leaf (Table 2). In  
TV. gluiinosa, where the number o f lesions on the upper leaves can be increased by 3-5 
fold as a result of previous inoculation o f the lower leaves, without significant effect 
on upper leaf size, the T M V  R N A  concentration is also three times higher than that 
in control upper leaves [5],
Cassells et al. [7] have suggested that the reduced number of lesions produced in 
Xanthi-nc tobacco in which “ systemic resistance”  had been induced by polyacrylic 
acid might be caused by increased water stress in the challenged leaves: less turgid, 
more stressed leaves are known to be less easy to infect [73, 16, 79]. T h e converse 
situation o f “ acquired systemic susceptibility”  in jV. glutinosa also offers support for 
this hypothesis. We found that the increased lesion number on upper leaves o f plants 
previously inoculated and forming lesions on the lower leaves was associated with a 
reduced endogenous concentration of abscisic acid in the challenged leaves [$ ] . This
suggests that these leaves were under less water stress than leaves on control plants 
[5, 31], were more turgid and hence easier to infect [4, 24, 30].
In  W hite Burley, we have found that the abscisic acid concentration o f upper, 
non-infected leaves o f plants inoculated with JJavum on the lower leaves is about twice 
that in sham-inoculated control plants (R . J .  W henham & R . S. S. Fraser, in pre­
paration). This difference persists for 15  to 25 days after the inoculation o f the lower 
leaf. It suggests that the upper leaves m ay, as a result o f lesion formation on the 
lower leaves, become less turgid and hence less easy to infect [13, 19] than leaves on 
control plants.
A ll these sources o f evidence therefore suggest that alteration in lea f turgidity as 
a result o f inoculation o f lower leaves is the most im portant factor causing altered 
lesion number on the challenged leaf. Alteration o f lesion size is not covered by this 
mechanism, and still awaits a complete explanation. However, as shown above, 
lesion size can be reduced without concomitant reduction in virus accumulation. 
This suggests that reduction in lesion size is not necessarily evidence for a resistance 
mechanism, but m ay reflect an alteration in the ability o f the host to become necrotic, 
without altering the mechanism restricting virus spread and accumulation.
I thank Su Loughlin for excellent technical assistance. Burley S 3 seed was from 
Centre Suisse de Researche sur la T ab ac, Nyon, Switzerland.
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S U M M A R Y
Measurements o f  incorporation o f 3H-histidine into proteins in discs from  
tobacco mosaic virus-infected leaves suggest that the rate o f host protein synthesis 
is reduced by up to 7 5 %  during virus multiplication but then recovers. Polyadeny­
lated messenger R N A s  from healthy and virus-infected plants were found to have 
similar size distributions and polyadenylic acid chains o f similar lengths. Tobacco 
mosaic virus infection did not cause any alteration in the concentration o f host 
polyadenylated messenger R N A . This makes it unlikely that rates o f transcription 
or turnover o f  host polyadenylated messenger R N A  were altered by infection. It is 
suggested that inhibition o f host protein synthesis during virus multiplication may 
result from controls at the translational level, possibly by competition between the 
messenger R N A s for virus and host proteins.
I N T R O D U C T I O N
When tobacco leaves are infected with tobacco mosaic virus (TM V) the virus coat protein 
becomes the commonest single protein and may eventually form as much as three quarters o f 
the total protein content. Early studies o f  protein metabolism in infected leaves suggested 
that coat protein was synthesized at the expense o f host protein components (Wildman et al. 
1949; Meneghini &  Delwiche, 1 9 5 1 ; Bawden &  Kleczkowski, 1957) and that the rate o f host 
protein synthesis was reduced after infection (Doke &  Hirai, 1970; Hirai &  Wildman, 1969).
The ways in which the virus may divert host protein synthesizing capacity to production o f 
virus protein are not known. One possibility is that controls o f transcription, translation or 
turnover o f host messenger R N A  (m R N A ) might be altered. It was therefore o f interest to 
examine host m R N A  metabolism in TM V-infected leaves.
Many plant m R N A s contain 3 '-polyadenylic acid sequence [poly(A); Higgins et al. 1 9 7 3 ; 
Gray &  Cashmore, 1976) ; in contrast, the m R N A  for T M V  coat protein is not polyadeny­
lated (Siegel et al. 1973 , 1976). This difference makes it possible to examine the metabolism 
of a defined fraction o f host m R N A  in healthy and infected tissues. We have measured the 
effects o f T M V  infection on leaf content o f  polyadenylated m R N A  [poly(A )m RN A ] by 
molecular hybridization between the poly(A) sequences and 3H-polyuridylic acid.
M E T H O D S
Plants and viruses. Tobacco plants ( N icotiana tabacum  L . cv. Sarnsun) were grown in 
John Jnnes N o. 2 compost in 12-5 cm diam. pots. The plants were kept in a glasshouse under 
natural lighting conditions, the temperature being 16 °C  at night and between 20 and 25 °C  
during the day. T M V  strains Rotham sted, vidgare (pale-green/dark-green mosaic) and
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flavum  (severe yellow-green mosaic) (Melchers, 1940) were used. Inocula were prepared by 
grinding infected leaves with 1000 vol. o f 50 mM-sodium phosphate, pH  7 -0, using a pestle 
and mortar.
Leaves on plants 15 to 20 cm tall were dusted with 400-mesh Carborundum  and inoculated 
by rubbing with virus suspension. Com parable leaves on control plants were sham-inoculated 
by rubbing with sterile phosphate buffer. The leaves were washed with tap water immediately 
after inoculation. Lengths o f leaves inoculated in each experiment are given in Results.
Incorporation o f  3H -histidine into protein. Discs 5 mm in diam. were punched from the 
laminas o f healthy and infected leaves. F o r each treatment, three replicate samples, each 
o f four discs, were taken from three leaves. The discs were floated on water containing 
1 p C i/ml L-2,5-3H-histidine (sp. act. 43 C i/m m ol; Radiochem ical Centre, Am ersham , U.K.). 
The discs were infiltrated under vacuum for 2 min, then incubated for 1-5 h in a growth 
cabinet at 25 °C  with an irradiance o f  50 W /m 2. Control experiments showed that linear 
uptake and incorporation o f histidine occurred from 20 min after the start o f the radioactive 
incubation.
At the end o f the radioactive incubation, the discs were rinsed with distilled water and 
lightly blotted. They were then heated to 90 °C  for 15 min in o-6 ml 0-5 N-perchloric acid, to 
hydrolyse any transfer R N A  charged with radioactive histidine (Bretthauer et al. 1963). 
This procedure extracts R N A  from discs without prior homogenization. A fter cooling on 
ice, the discs were homogenized and insoluble material was sedimented by centrifugation 
at 12000 g for 1 min. A  sample o f 0-3 ml o f the supernatant was counted in 10 ml scintillation 
fluid [5 g/1 2-(4'-t-butylphenyl)-5-(4"-biphenylyl)-i,3 ,4-oxadiazole (butyl-PBD) in 60% 
(v/v) toluene; 4 0 %  (v/v) 2-methoxyethanol], to measure acid soluble radioactivity. The 
precipitate was collected by filtration on a 21 mm diam. Whatman G F / C  glass fibre disc, 
washed four times with 2 ml 7 -5 %  (w/v) trichloroacetic acid and dried. Acid-insoluble 
radioactivity on the discs was measured by counting in 4 ml 0-5 %  (w/v) butyl-PBD  in 
toluene.
Acid-soluble and acid-insoluble radioactivities were converted to disintegrations per min 
using known activities o f  5-3H-polyuridylic acid [poly(U)] and 3H-toluene as insoluble and 
soluble internal standards. Acid-insoluble radioactivity was a measure o f histidine incorpor­
ation into protein. Isotope uptake per disc was the sum o f the acid-soluble and acid-insoluble 
radioactivities.
Nucleic acid extraction and T M V  R N A  m easurem ent. Total nucleic acid was extracted from 
0-5 to 1 g samples o f  leaf by a detergent-phenol procedure and purified by re-precipitations 
and dialysis as described elsewhere (Fraser &  Whenham, 1978 a, b). Total yield o f nucleic 
acid was measured from the u.v. absorption spectrum o f the extract. T M V  R N A  content of 
the extract was measured after polyacrylam ide gel electrophoresis (Fraser &  Whenham, 
1978 a). The amount o f non-viral nucleic acid in a sample was calculated by subtracting 
T M V  R N A  content from the total nucleic acid content.
M easurem ent o f  po ly(A ) content. Fifty-m icrogram  samples o f total nucleic acid were 
washed as precipitates with 1 m lo -i M-NaCl in 80%  (v/v) ethanol. The precipitate was dis­
solved in 1 ml 0-3 M-NaCl, 0-03 M-sodium citrate, pH 6 (2 x  SSC ), then mixed with 15 nCi 
3H-poly(U) (Miles Laboratories, Ltd, Slough, Bucks). Non-radioactive poly(U ) (Sigma 
Chemical Co., Poole, Dorset) had been mixed with the radioactive poly(U ) to give a total 
poly(U) content o f 0-3 fig  per sample.
The nucleic acid-poly(U ) mixture was heated to 90 °C  for 5 min, cooled to room  temper­
ature for 1 h, and 40 pg  pancreatic ribonuclease (RN ase) added. Non-hybridized poly(U) 
was digested at room temperature for 30 min. RN ase-resistant p o ly(A ).p o ly  (U) hybrid 
was precipitated by addition o f 500 fig  bovine serum albumin carrier and 2 ml ice-cold 7 % 
(w/v) trichloroacetic acid. A fter 15 min at 0 °C , the precipitate was collected by filtration on
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a G F /C  disc and washed three times with 2 ml 7 %  trichloroacetic acid. The disc was air- 
dried and 3H radioactivity estimated by scintillation counting as above.
Control experiments showed that saturation o f the poly(A) present in 50 fig  total nucleic 
acid was obtained by hybridization with o-i /ig poly(U). Use o f 0-3 fig  poly(U) per sample 
thus ensured an adequate excess. Under the conditions o f hybridization used, the hybrid 
between poly(A) and poly(U ) is not degraded by R N ase (Bishop et a i  1974). Our control 
experiments showed that no significant amount o f 3H-poly(U) was rendered acid soluble by 
RNase digestion when hybridized under these conditions with an excess o f non-radioactive 
poly(A) (Miles Laboratories Ltd). Further control experiments showed that when 3H-poly 
(U) was mixed with total nucleic acid, R N ase digestion o f unhybridized poly(U) was com ­
plete by 30 min under the conditions used and no further radioactivity was rendered acid- 
soluble by increasing the treatment time or R N ase concentration.
Sucrose density gradient fractionation  o f  R N A .  Between 200 and 500 fig  total nucleic acid 
was dissolved in 0-5 ml 2 x  SSC  and fractionated by sedimentation through a 32 ml linear 
gradient o f 5 to 2 5 %  sucrose in 2 x  SSC . Centrifugation was for 18-5 h at 25000 rev/m in 
(53000 g at average radius) in the SW  25-1 rotor o f  the Spinco Ultracentrifuge, at 0 °C . 
After centrifugation, absorbance at 260 nm was monitored by upward displacement o f each 
gradient through a flow cell. Between 28 and 33 fractions were collected from each gradient. 
The poIy(A) content o f each fraction was measured by hybridization as above, except that 
° ’53 ilS  poly(U) (26-5 nCi) was used for each assay.
M easurem ent o f  p o ly (A ) length. Sixty-m illigram samples o f  total nucleic acid were pre­
pared from  plants infected with the vulgare strain o f T M V  and from  com parable healthy 
plants. P o ly(A )m R N A  was separated from total R N A  by affinity chrom atography on a 100 
mm long, 12 mm diam. column o f po!y(U )-Sepharose 4B, as described by T rapy &  Esnault 
(1978), except that binding was at 0-4 M-NaCl and elution at 60 °C . Poly(A) was prepared 
from the po ly(A )m R N A  by digestion o f non-poly(A) regions with RN ases A  and T x as 
described by C ovey &  Grierson ( 1976), except that poly(A) was ethanol-precipitated without 
addition o f carrier.
The length o f the poly(A) sequence was measured by electrophoresis in polyacrylam ide 
gels in the presence o f 99 %  formamide, to ensure denaturation and to eliminate base stacking 
(Staynov et al. 1972). The gels had final concentrations equivalent to 1 0 %  acrylamide and 
0-42%  7V,IV'-methylenebisacrylamide. Electrophoresis was for 12 h at 1-25 m A /gel constant 
current. Poly(A) preparations o f known mean sequence lengths (Miles Laboratories Ltd.) 
were used as size standards.
After electrophoresis, the gels were washed for 5 h in distilled water to remove formamide 
and the positions o f poly(A) peaks were determined by scanning at 265 nm in a Jo y ce - 
Loebl gel scanner. The approxim ate length o f tobacco leaf poly(A) sequences was determined 
using the linear relationship between log mol. wt. and electrophoretic mobility (Staynov et al.
1 9 7 2 ).
R E S U L T S
Inhibition o f  host protein synthesis during virus multiplication
In previous reports on the reduction o f host protein content and synthesis in T M V - 
infected leaves (Wildman et al. 1949; Bawden &  Kleczkowski, 1 9 5 7 ; Hirai &  Wildman, 
1969; D oke &  Hirai, 1970) the extent o f any overall inhibition o f the rate o f  host protein 
synthesis was not quantified. Before considering what mechanisms might underlie a reduction 
in rate o f host protein synthesis, it was necessary to measure the extent and duration o f 
inhibition after infection.
T M V  coat protein does not contain the amino acid histidine (Tsugita et a i  i 960; Hennig
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Fig. i. Inhibition of host protein synthesis in tobacco leaves infected with tobacco mosaic virus. 
Leaves were inoculated with TM V strain vulgare just before reaching maximum length, (a) Changes 
in rates of histidine uptake ( ■ — ■ )  and incorporation (O— O) after infection, expressed as a 
percentage of the rates in comparable healthy leaves. (b) Changes in the rate of histidine incorpo­
ration per unit histidine uptake ( • — • )  in infected leaves, expressed as a percentage of the rate of 
histidine incorporation per unit histidine uptake in comparable healthy leaves; □ — □ ,  pattern of 
TMV multiplication, measured as TMV RN A  accumulation.
&  Wittman, 1972) and thus 3H-histidine will only label host proteins and virus-specified 
proteins other than the coat protein (Sakai &  Takebe, 1972). A s the latter are synthesized in 
very small amounts (Sakai &  Takebe, 1972), 3H-histidine incorporation m ay be used for 
measurement o f  the rate o f  host protein synthesis in infected leaves.
Fig. 1 . shows that during T M V  multiplication, the rate o f histidine incorporation in discs 
from infected leaves was reduced to about 5 0 %  o f the rate in discs from com parable healthy 
leaves. However, the rate o f histidine uptake by discs from infected leaves was greater than 
in discs from healthy leaves during T M V  accumulation. The inhibition o f histidine incorpor­
ation in infected leaves may therefore have been partly masked by the stimulation o f  uptake. 
In an attempt to minimize this effect, rates o f histidine incorporation in infected and healthy 
leaf discs were divided by the histidine uptake values for these discs, to give data for rate of 
incorporation per unit uptake. Fig. 1 (b) shows the rate o f incorporation per unit uptake in 
infected leaf discs as a percentage o f the rate in healthy discs. The data show that during 
virus accumulation, the rate o f histidine incorporation per unit uptake was reduced by 50 to 
7 5 % . It then recovered to the healthy leaf level after T M V  accumulation had ended.
The data shown in Fig. 1 were obtained with leaves inoculated just before they reached 
maximum length. We have also studied leaves inoculated when at one-third o f  their final 
length, and leaves which became infected by systemic spread o f virus when less than one- 
tenth o f their final length. In these cases also, the rate o f histidine incorporation in in-
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Fig. 2. Fractionation by sucrose density gradient centrifugation of nucleic acids from tobacco 
leaves. Sedimentation was from left to right: (a) healthy leaves; (6) infected with TMV strain Roth- 
amsted; (c) infected with TM V strain flavum. Virus-infected leaves were harvested 13 days after ino­
culation, during the period of rapid virus multiplication. The continuous line shows absorbance 
at 260 nm. The peaks are: at 60 mm, transfer RNA plus low mol. wt. ultraviolet-absorbing contamin­
ants; at 80 mm, 18S ribosomal RN A  and D N A ; at 90 to too mm, 25S ribosomal RN A, and at 
100 to 110 mm, TMV R N A ; 9 — • ,  amount of 3Fl-poly(U) hybridized to each gradient fraction.
fected leaf discs, adjusted for uptake stimulation, was reduced by 50 to 7 5 %  during virus 
1 accumulation, then recovered to the healthy leaf level after virus accumulation had ended.
These data therefore suggest that the reduction in rate o f host protein synthesis as a result 
1 of TM V infection is large, but that it only persists while T M V  accumulation is occurring.
A reservation must be attached to quantification o f rates o f synthesis based on incorpor- 
1 ation o f radioactive precursors. A ny changes in precursor pool size or turnover kinetics as a 
result o f infection could cause changes in rate o f incorporation not due to changes in the rate 
of synthesis. However, two independent lines o f research support our estimate o f the extent 
of inhibition o f host protein synthesis. Firstly, the rate o f net accumulation o f host protein 
during growth o f young leaves is reduced by 60 to 7 0 %  by T M V  infection. Secondly, the 
rates o f incorporation o f 35S-sulphate into the three commonest host proteins (chlorophyll a
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Distance migrated into gel (mm)
Fig. 3. Measurement of poly(A) size by electrophoresis on polyacrylamide gels in formamide. Peaks 
marked 90 and 33 are commercial poly(A) preparations with mean chain lengths 90 and 33 A  residues.
---------- , Poly(A) isolated from healthy leaves; ........ , poly(A) from TM V strain vulgare-infected
leaves.
binding protein, and the large and small subunits o f ribulose 1 ,5-diphosphate carboxylase) 
are also reduced by around 7 5 %  during T M V  multiplication (R . Fraser, J . Connor & A. 
Gerwitz, unpublished results).
As all these results indicate a severe inhibition o f host protein synthesis during T M V  multi­
plication, it was relevant to ask whether this was brought about by a corresponding reduction 
in host m R N A  content, or by other means.
H ybridization with 3H -po!y(U ) as a measure o f  p o ly (A )m R N A  content
M olecular hybridization between poly(A) and the complementary homopolynucleoti.de, 
3H-poly(U) measures the total sequence length o f poly(A) in a nucleic acid preparation. 
Tw o types o f experiment were necessary to establish that poly(A) content is a valid measure 
o f poly(A )m R N A  content.
Fig. 2 shows fractionations by sucrose density gradient centrifugation o f poly(A) RNAs 
from healthy and TM V-infected leaves. In each case, the poly(A) R N A s had a polydisperse 
distribution, from 6S to over 30S, with a peak at 9 to 1 3 S. This distribution is consistent 
with the expected sizes o f  a natural population o f messenger R N A s coding for a range o f mol. 
wt. o f proteins. There was no evidence o f any partial degradation o f po ly(A )m R N A  in 
virus-infected plants: this would have been detected as a shift in the distribution o f the 
poly(A) R N A s to lighter regions o f the gradient. In some nucleic acid preparations from 
infected plants we found a very small peak o f hybridizing material at 2 to 3 S, which probably 
represented a trace o f free poly(A) unattached to m R N A .
Differences in poly(A) contents between samples o f nucleic acid could arise not only if 
the samples contained different numbers o f  po ly(A )m R N A  molecules, but also i f  the length 
o f  the poly(A) sequence attached to each o f these molecules was different in the two samples. 
The data in Fig. 3 indicate that the poly(A) sequences in nucleic acids extracted from healthy 
and TM V-infected leaves were o f similar mean length and length distribution. The apparent 
size, based on extrapolation from the two markers o f known sequence lengths, was 160 A 
residues for TM V-infected leaves and 180 for healthy leaves. These values are in good agree­
ment with other reports o f plant poly(A) sequence lengths (Sahger et al. 19 74 ; Covey & 
Grierson, 1976).
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Fig. 4. Changes in poly(A) contents of healthy and TM V infected leaves, (a) Changes in poly(A) per 
leaf (O— O) and in leaf fresh weight with leaf age (V — V) for healthy leaves. (b) Changes in poly(A) 
per g fresh weight of leaf with time for healthy leaves ( • — • )  and for leaves inoculated with TMV 
strains Rothamsted ( ■ • • • ■ )  or flavum (A -- A )  at day 1. Each point is the mean of five or six deter­
minations; the horizontal bars show standard errors of the means of replicate determinations of 
poly(A) content on 50 /ig samples of nucleic acid from each bulk nucleic acid extract. Where no bars 
are shown, standard errors were smaller than the symbol size. (c) Patterns of multiplication of TMV 
strains Rothamsted (□ ••■ •□ ) and flavum (A — A) in the infected leaves, measured as TM V RN A  
accumulation.
Having shown that the poly(A) sequences o f healthy and infected leaves are o f similar 
length, and are attached to R N A  molecules o f  similar size distribution, we conclude that 
poly(A) content is a valid measure o f the amount o f polyadenylated R N A , presumed to be 
messenger R N A , in a nucleic acid sample. This conclusion holds for weight and for number 
of poly(A )m R N A  molecules.
T M V  infection and le a f content o f  po ly(A )
Poly(A) content o f healthy tobacco leaves rose to a peak just before the leaf reached its 
maximum weight, then declined as the lea f aged (Fig. 4 a). A  very similar pattern has been
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Fig. 5. Changes in poly(A) as a percentage of non-viral nucleic acid with age of leaf. Data were 
calculated from results shown in Fig. 4. • — 0 , Healthy leaves; ■  leaves infected with TMV 
strain Rothamsted; A —  A , leaves infected with TM V strain flavum. Inoculation was at day 0. Each 
point is the mean of five or six hybridizations with 3H-poly(U).
Table 1 . P oly(A ) contents o f  healthy tobacco leaves, and o f  leaves infected  
with tobacco m osaic virus very early in development*
Poly(A) content (/¿g)
Days after TM V Leaf TM V RN A
inoculation
17
* Tobacco plants were inoculated on expanded, lower leaves at day o, and very young upper leaves became 
infected by systemic spread of virus. Control plants were sham-inoculated at day 0, and upper leaves comparable 
to those of virus infected plants harvested. Values for poly(A) contents are means ±  standard errors of five 
replicate hybridizations carried out on 50 /zg samples from each total nucleic acid extract.
strain weight (g) (/tg/g leaf) per g leaf per 100 /tg non-viral 
nucleic acid
_ 0-29 — 2-56 +  0-09 o-i 15 +  0-004
flavum 0-16 76 2-i4±o-o8 0-107 +  0-004
vulgare o-io 63 2-27 +  0" 12 0-093 ±0-005
— 1-73 — 0-63 ±0-02 0-063 +  0-002
flavum 1-23 123 o-8r ±0-05 0-107 +  0-007
vulgare 1 1 4 372 0-63 ±0-04 0-103 +  0-006
found for amounts o f ribosomal and transfer R N A  per lea f (Fraser, 1972). Poly(A) per g 
fresh weight o f healthy leaf fell during lea f development (Fig. 4 b).
F or the experiment shown in Fig. 4, leaves were inoculated with T M V  strains Rothamsted 
or flavum  as they approached maximum poly(A) content. The flavum  strain caused much 
more severe visible symptoms, but as Fig. 4 (c) shows, did not accumulate to such a high 
concentration in the plant as the Rotham sted strain. F or both strains o f virus, the period of 
most rapid T M V  R N A  accumulation occurred as maximum lea f weight was reached, and 
covered the period o f maximum leaf poly(A) content and the start o f the subsequent decline. 
Fig. 4 (b) shows that neither strain had any effect on the poly(A) concentration o f the leaf.
In functional terms, a significant relationship is the amount o f  m R N A  compared to the 
remainder o f the protein synthesizing system o f the plant, because host and virus m RN As 
have to share this, and possibly compete for it. One measure o f host protein synthesizing 
capacity is non-viral nucleic acid, which, apart from a minor (about 20 % ) contribution from 
D N A , consists o f ribosom al and transfer R N A s. F ig. 5 shows that when poly(A) content is
expressed per unit protein synthesizing system in this w ay it remained relatively constant 
with leaf age, and was not altered by virus infection.
We have also investigated the effects o f T M V  infection on poly(A ) contents o f leaves 
infected very early in development, when they still had to synthesize almost all o f their even­
tual poly(A )m RN A  content. A s minute leaves are difficult to inoculate mechanically, they 
were infected by systemic spread o f virus from inoculated lower leaves. Table 1 shows that 
there was considerable inhibition o f growth by T M V  infection. Poly(A ) content per g leaf 
was not altered appreciably by either strain o f virus. Poly(A) per unit non-viral nucleic acid 
was higher in these very young leaves than in older leaves (an effect also shown by the 
earliest sample in Fig. 5), but was unaltered by T M V  9 days after inoculation. A t 17 days 
after inoculation, poly(A) per unit non-viral nucleic acid was actually higher in infected 
leaves than in healthy leaves. This probably occurred because o f the very severe inhibition 
of ribosomal R N A  accumulation which occurs when very young leaves are infected (Fraser, 
1972, 1973).
D I S C U S S I O N
We have shown that T M V  infection does not alter the poly(A ) content, a measure o f 
poly(A)mRNA content, o f tobacco leaves infected when very young or when approaching 
maturity. However, during the period o f most active virus accumulation, the rate o f host 
protein synthesis appears to be reduced by up to 7 5 % . These findings have implications for 
the mechanisms controlling the rate o f  host protein synthesis in virus-infected plants. They 
make it unlikely that the inhibition o f host protein synthesis is effected by controls operating 
at the levels o f m R N A  synthesis or turnover: such controls would tend to alter the concen­
tration o f po ly(A )m R N A . In contrast to our results, fungal infection o f plants has been 
shown to alter the rate o f po ly(A )m R N A  synthesis (Yoshikaw a et al. 1977) and to stimulate 
degradation o f polyribosom al m R N A  (Simpson et al. 1979)
The most likely interpretation o f  our data is that the observed inhibition o f host protein 
synthesis is brought about by controls having their effect at the level o f m R N A  translation. 
One possibility is that the inhibition could be by purely competitive means. Infected plants 
contain the same amount o f host po ly(A )m R N A  per unit protein synthesizing machinery 
(ribosomal plus transfer R N A ) as healthy plants, but also contain the coat protein messenger 
RNA (Siegel et al. 1973). I f  some component o f  the protein synthesizing system, such as 
ribosomes, amino acids or energy, were limiting the overall rate o f protein synthesis, the 
presence o f large amounts o f  coat protein m R N A  would tend to reduce translation o f host 
mRNA by competition. The recovery in rate o f histidine incorporation to the same level as 
in healthy leaves after the end o f T M V  accumulation (Fig. 1 ) is consistent with a competitive 
inhibition o f host protein synthesis during virus multiplication.
However, it is also possible that translational regulation o f host protein synthesis could 
involve more complex controls. F o r example, T M V  coat protein m R N A  might have an 
inherently higher translational efficiency than host m R N A . This type o f situation has been 
reported in virus-infected mammalian cells (Oppermann &  Koch, 1976). Alternatively,
1 the translational efficiency o f host messenger R N A  might be reduced as a result o f  T M V  
1 infection.
Plants also appear to contain significant amounts o f non-poly(A )m RN A s, and some o f 
1 these could possibly represent the products o f a separate population o f  genes (G ray & 
Cashmore, 19 76 ; R agg  et al. 1977). It is possible that alterations in synthesis, turnover or 
translation o f this class o f m R N A  could also contribute to the observed reduction in host 
protein synthesis after infection.
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S U M M A R Y
The gene Tm-1  in tomato plants is dominant for suppression o f mosaic symp­
toms caused by tobacco mosaic virus isolates designated as tomato strain 0 . Virus 
multiplication (measured either by virus R N A  content or by virus coat protein 
content) was inhibited in plants containing T m -1 . Inhibition was greater in hosts 
homozygous for Tm-1  (90 to 9 5 % ) than in hosts heterozygous for Tm-1 (65 to 
75 %)• Thus, inhibition o f tobacco mosaic virus multiplication is Tm-1  gene dosage- 
dependent; suppression o f visible symptoms is not.
Inhibition o f T M V  R N A  accumulation occurred in both directly inoculated and 
systemically-infected leaves o f 7w -/-containing hosts, and was consistent from 
experiment to experiment. Tm-1  inhibited accumulation o f R N A  o f different 
isolates o f  strain 0 to different extents: two isolates causing yellow mosaic symptoms 
on susceptible plants were especially strongly inhibited.
In Tm-1  hosts, there was a delay between inoculation and the first detection o f 
virus multiplication, measured either as increase in virus R N A  content or recover­
able infectivity. The delay was about 8 days in heterozygous Tm-1  hosts and about 
16 days in homozygous Tm-1 hosts. The implications o f these results for the mode 
o f action o f the Tm-1  gene resistance are discussed.
I N T R O D U C T I O N
Tobacco mosaic virus (TM V) causes a serious disease o f tomato, but good control has 
been achieved by use o f host resistance. Several sources o f resistance have been found 
(reviewed by Pelham, 1966; Walter, 1967; Alexander, 1 9 7 1 ; Fletcher, 1973). O f these, the 
resistance genes designated Tm-1, Tm -2  and Tm -22 have been studied most. However, we 
do not yet know the biochemical mechanisms by which these genes prevent virus multi­
plication or symptom development.
The Tm-1  gene suppresses the visible mosaic symptoms caused by T M V , but detectable 
virus multiplication occurs (Clayberg, i 960; Pecaut, 1962, 1964; Pelham, 1966, 1972). We 
have studied the effects o f the Tm-1  gene on the amount and pattern o f T M V  multiplication, 
as a first approach to understanding how the gene works.
M E T H O D S
Plants and viruses. Near-isogenic lines o f  tomato ( Lycopersicon esculentum  Mill. cv. 
Craigella) were obtained from D r T. J. Hall, Glasshouse Crops Research Institute, Little- 
hampton, Sussex, U .K . The susceptible line contained no genes for resistance to T M V . The 
two resistant lines had the Tm-1  gene in either heterozygous or homozygous form (Table 1 ).
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Table i. Sym p tom s and changes in chlorophyll content resulting fr o m  infection o f  three 















Chlorophyll content (mg/g fresh wt)
Healthy
4 '0 2  ± 0 '0 2  
3-74 +  0-0I
3 ' 5 3 ± 0 ' ° 5
TMV-infectetl
2 - I 9 + O M I 
3 ' 5 5 ± o - o 8  
3 ' 5 9 ± o - o i
* Plants were inoculated with TMV at a concentration of 2 /ig/ml. Eighteen days later, symptoms were 
observed and chlorophyll concentration determined on four replicate samples of upper, systemically- 
infected leaves. Values are means ± standard errors.
The plants were grown in 12-5 cm diam. pots in Levington com post/sand (3 : 1 ) and 
transferred to larger pots as necessary. Plants were kept in a glasshouse at 16 °C  at night; 
during the day the temperature rose to between 23 and 30 °C, depending on the season. 
Natural lighting was supplemented in the winter months with morning and evening illumi­
nation from mercury vapour lamps giving an irradiance o f 50 W /m 2. D ay length was a 
minimum o f 14 h.
Isolates o f T M V  tomato strains 0 and 1 (Pelham, 1972) and a strain 0 isolate producing 
yellow symptoms, designated a s  strain o y ,  were obtained from D r Hall, G C R I. The tomato 
strain flaviim  (Melchers, 1940) and the tobacco strain vulgare were originally from the Max 
Planck Institut fur Biologie, Tubingen, West Germ any. A ll T M V  strains were multiplied in 
tobacco (N icotiana tabacum  L. cv. Samsun) and purified by the method o f M undry ( 1957).
Plants o f uniform height were selected for each experiment; over all experiments the 
plants ranged from 10 to 30 cm tall at the time o f inoculation. Between 3 and 7 replicate 
plants were used for each treatment or host genotype. Plants were inoculated on two upper, 
expanded leaves by dusting with 400-mesh Carborundum' and rubbing by hand with a 
suspension o f purified T M V  at 2 to 5 0 /<g/ml in 50 mM-sodium phosphate buffer, pH 7. 
Leaves were washed with running tap water immediately after inoculation.
M easurem ent o f  T M V  R N A . At each sampling time, leaflets were taken from all leaves 
inoculated for each treatment. Samples were also taken from the 4th and 5th leaves above 
the inoculated leaves. Midribs were removed and the laminas chopped roughly and mixed. 
Three sub-samples o f 0-5 or r o  g were then taken from each sample. Nucleic acids were 
extracted as described by Fraser &  Whenham ( 1978) and fractionated by electrophoresis 
on 2-i %  polyacrylamide gels (Loening, 1969) at 4 V/cm , 2-5 m A /gel, for 6 h. T M V  RN A  
concentration per g fresh weight o f leaf was calculated from the peak area o f the T M V  RN A  
on the u.v. absorption scan o f each gel (Fraser, 197 1 ).
Slab gel electrophoresis o f  proteins. Samples o f 0-5 g leaf were homogenized in 5 ml, 
pH 8-6, buffer (40 mM-boric acid ; 41 mM-tris; 4 % , v/v, 2-m ercaptoethanol; 1 0 % , w/v, 
sucrose; 0 -7 5 % , w /v, sodium dodecyl sulphate) and heated in a boiling water bath for 3 min 
to extract and denature proteins. Debris was removed by centrifugation at 12000 g  for 3 min 
and the protein extract stored at —20 nC. Samples o f up to 100 p\ extract were fractionated 
on slab polyacrylamide gels 160 mm wide and 1 mm thick, comprising a stacking gel (5 % 
acrylamide), 10 mm long, and a separating gel, 150 mm long, which consisted o f a linear 
gradient o f 10 to 30 "/, acrylamide. Gel preparation and the discontinuous buffer system 
used were as described by Neville ( 19 7 1 ). A fter electrophoresis for 12 h at 10 mA constant 
current per gel, the gels were stained with Page Blue G 90 (Cl 42655) and destained as 
described by Laemmli ( 1970).
Chlorophyll content. Chlorophyll was extracted from sub-samples o f 0-5 g leaf from
systemically-infected leaves using 80%  acetone and was estimated spectrophotometrically 
(Vernon, i 960).
In fectivity bioassay. Leaflets were harvested from inoculated leaves at various times after 
inoculation. The midribs were removed and weighed samples were stored at —20 °C  until 
samples from all harvest times were to hand. Each leaf sample was ground with 3 vol. o f 
50 mM-sodium phosphate buffer, pH 7, using a pestle and mortar. The extract was filtered 
through muslin and used to inoculate 12 half-leaves o f the local lesion host N . tabacum  
L. cv. Xanthi-nc. The plants had been trimmed to four expanded leaves each, 1 day before 
inoculation. The different inocula were distributed at random through the test plants, but 
each inoculum was applied to the same number o f  lowest, second lowest, etc. leaves. Leaves 
were dusted with Carborundum  before inoculation and washed with running tap water after 
inoculation. Lesions were counted 5 to 7 days after inoculation.
M easurem ent o f  T M V  particle concentration. Virus was purified from samples o f  50 to 
200 g systemically-infected leaves by polyethylene glycol precipitations (Gooding &  Hebert, 
1967) and further purified by three cycles o f differential centrifugation (M undry, 1957). Virus 
concentration o f the final solution was measured by u.v. absorption spectrophotometry, 
taking an absorbance at 260 nm o f r o  to equal 0-37 mg TM V /m l.
R E S U L T S
E ffects o f  the Tm -1 gene on sym ptom s and T M V  multiplication
In confirmation o f the results o f Pelham ( 1972), we found that the Tm-1  gene is dominant 
for suppression o f visible mosaic symptoms caused by T M V  (Table 1 ). In either the 
heterozygous or hom ozygous form, Tm-1  completely prevented the loss o f chlorophyll in 
systemically-infected leaves norm ally resulting from T M V  infection (Table 1 ).
We measured the amounts o f T M V  produced in susceptible and resistant plants by 
estimating their contents o f T M V  R N A  and coat protein. Ultraviolet absorption scans o f 
gels o f nucleic acids showed that, in susceptible plants, T M V  R N A  accumulated to form  a 
very large peak and became the commonest nucleic acid species in the leaf. The Tm-1  / +  
host showed a much smaller T M V  R N A  peak, while even less T M V  R N A  accumulated in 
Tm-1 /T m -1  plants. There was no evidence that T M V  R N A  in resistant hosts was suffering 
from any partial degradation, which would have shown as a skewing o f the peak to the more 
mobile side.
Fig. 1 shows time courses o f T M V  R N A  accumulation in susceptible and resistant plants. 
In the inoculated leaves o f + / +  plants, T M V  R N A  concentration rose to a maximum at 
20 days after inoculation, then declined. The decline was probably not due to degradation 
of T M V  R N A , but to continued leaf growth diluting out the T M V  R N A  after accumulation 
had slowed or stopped: leaf fresh weight continued to increase after 20 days when maximum 
TM V  R N A  concentration was reached. The pattern o f T M V  R N A  accumulation in 
systemically-infected leaves o f the susceptible host was similar, and not detectably later than 
in inoculated leaves with the sampling frequency used.
In inoculated leaves o f the resistant hosts, T M V  R N A  accumulation was much reduced 
and the extent o f reduction was Tm-1  gene dosage-dependent (Fig. 1 ). The heterozygous host 
showed a T M V  R N A  content 3 0 %  o f that in the + / +  control at 20 days after inoculation; 
in the homozygous resistant host the T M V  R N A  concentration was only 5 %  o f that in the 
control.
The patterns o f accumulation o f T M V  R N A  in inoculated and systemically-infected 
leaves o f resistant plants were very similar, though inhibition o f T M V  R N A  accumulation 
by T m -1 /  +  or Tm-1 /T m -1  tended to be a little less in systemically-infected leaves than in
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Fig. i. Changes in TMV RNA concentration in TMV-infected tomato leaves. The host genotypes 
were : O—O, +  / +  ; A—A, Tm-1/+  and □ —□ , Tm-I/Tm-1. (n) Changes in leaves which became 
infected by systemic spread of virus; (b) changes in leaves directly inoculated with strain o at 
io/rg/ml.
inoculated leaves. These results suggest that the resistance does not operate against systemic 
spread o f the virus as such. In that case the multiplication o f T M V  in systemically-infected 
leaves o f Tm-1  plants would have been inhibited more than multiplication in inoculated 
leaves.
The inhibition o f T M V  R N A  accumulation by Tm-1  was long lasting: up to 56 days after 
inoculation, when the experiment ended, the T M V  R N A  concentration in the homozygous 
resistant host was still very much lower than in the control. Both resistant hosts showed a 
fairly steady concentration o f T M V  R N A  from  20 to 56 days. A s the leaves were visibly 
expanding during this time, it is probable that further virus synthesis was occurring, albeit 
at a low rate.
Fig. 2 shows that susceptible plants contained large amounts o f coat protein. The intensity 
o f the coat protein band was considerably less in the Tm-1 /  +  host, and coat protein was 
barely detectable in the homozygous resistant host. The effects o f the Tm-1  gene on accum u­
lation o f coat protein were thus similar to the effects on accumulation o f T M V  R N A .
In systemically-infected leaves o f Tm-1 /T m -1  plants which had a T M V  R N A  concentra­
tion 1 5 %  o f that in comparable leaves o f +  /  +  plants, the concentration o f assembled T M V  
was also found to be 1 5 %  o f the + / +  level. Therefore it is likely that the low amounts of
T M V  resis tance in to m a to
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Fig. 2. Polyacrylamide slab gel electrophoresis of proteins from TMV-infected tomato leaves of 
genotypes (a) + / +  ; (b) Tm-1  / +  and (c) T m - t /T m - 1 . The TMV coat protein band is indicated by 
arrows. Proteins were extracted from inoculated leaves 25 days after inoculation with TMV strain 
o at 10 /tg/ml.
TM V  R N A  and coat protein present in resistant plants were assembled into intact virus 
particles.
N ature o f  the T M V  accum ulated in resistant hosts 
In considering our results showing a small accumulation o f T M V  R N A  in leaves o f Tm-1 
hosts, it was necessary to ask whether this represented strain o virus which had achieved 
some multiplication despite the presence o f Tm-1 resistance, or whether it resulted from 
chance occurrence o f strain 1 (Pelham, 1972). This arises either by mutation or by contami­
nation o f the initial strain 0 inoculum (Dawson, 1965, 196 7 ; Pelham et ai. 1970; Cirulli & 
Ciccarese, 1 9 7 5 ; Dawson et al. 1979) and is able to overcome the T m -1 resistance.
N o systemic mosaic symptoms were detected in any strain o-infected Tm-11  +  or Tm-1 /
T m -I  hosts, even in plants kept until 96 days after inoculation. There was therefore no sign 
o f selection o f strain 1 virus by this time, even though systemic spread o f T M V  was detectable 
in such hosts by 10 to 20 days after inoculation.
As a more stringent test, we also took symptomless, systemically-infected leaves from 
T m -I/  +  and T m -I /T m - I  plants at times after inoculation with strain 0 when gel electro­
phoresis showed that they did contain T M V  R N A . These leaves were homogenized in 
phosphate buffer and the diluted sap used to inoculate fresh + /  +  , T m -I I  +  and T m -I /T m -I  
plants.
Sap from all 7~>;;-/-containing first hosts caused symptoms on all + / +  second hosts, 
confirming the presence o f infectious T M V  in the inocula. Inoculum from two out o f eight 
Tm -I  /  +  first hosts, and from one out o f 11 T m - I / T m - I  first hosts caused mosaic symptoms 
on the T m - 1 /+  and T m - I / T m - I  second hosts, thus showing strain 1 characteristics. The 
symptoms produced by these inocula were visibly different from those produced by the 
G C R 1 isolate o f strain 1 and from each other. It is thus likely that these variants originated 
by mutation or selection during multiplication o f the strain 0 inoculum in either first or 
second host.
In the remaining cases (the overwhelming m ajority o f plants tested), inoculum from  first 
hosts containing the T m -I  gene caused no symptoms on second hosts containing this gene, 
even by 40 days after inoculation. Symptoms produced by purified virus o f  strain 0 on +  / +  
plants and by strain 1 on all three types o f host, were well developed by 15 days after 
inoculation. These results therefore suggest that the virus multiplying in T m -I  plants 
continued to behave as strain 0. We were also unable to detect any increased ability o f TM V 
to multiply in the second T m -I  host. We conclude that the limited amount o f T M V  multi­
plication observed in T m -I  plants was principally because T m -I  resistance permits a 
reduced amount o f multiplication o f strain 0 and was not significantly due to selection of 
T M V  strains able to overcome the inhibition o f multiplication.
The early part o f  T M V  multiplication in T m -I  hosts
A notable feature o f both resistant hosts was that the first detection o f T M V  R N A  after 
inoculation was much later than in susceptible hosts (Fig. 1 ). N o T M V  R N A  could be 
detected in T m - I /  +  plants 6 days after inoculation, or in the T m - I / T m - I  plants at 13 days. 
Thus during this ‘ eclipse’ period, T M V  R N A  concentration remained below the limit of 
detection by this method, which is about o-i /<g/g fresh weight.
To study the pattern o f virus multiplication in the early part o f infection o f resistant hosts, 
we followed changes in infectivity. This method is just sensitive enough to detect TM V 
continuously after infection, provided that the tomato plants are inoculated with a high 
concentration o f T M V . As a different batch o f Xanthi-nc test plants was used to follow 
development o f infectivity in each host, no inference can be drawn from  differences in the 
absolute numbers o f lesions produced by inoculum from different tomato hosts.
Tn + / +  hosts, there was a very rapid increase in infectivity after inoculation (Fig. 3). 
Both resistant hosts initially showed a decline in the level o f recoverable infectivity, then an 
increase. The effect was clearest in the T m - I / T m - I  plants, where infectivity declined for 
15 days before beginning to increase.
The infectivity results are consistent with the assays o f T M V  R N A  in showing a delay 
which is dependent on Tm -I  gene dosage before the onset o f detectable virus accumulation. 
Part o f the infectivity recoverable in the early part o f the experiment, before detectable 
increase in infectivity, may have been from virus remaining on the surface o f the leaf and 
was unlikely ever to initiate infection. Such residual surface virus should not, however, 
interfere with the above interpretation o f the timing o f eventual increase in infectivity in 
resistant hosts.
92 R. S. S. F R A S E R  A N D  S. A. R. L O U C . H L I N
T M V  resistance in tom ato 93
Time after  inoculation (days)
Fig. 3. Changes in infectivity recovered from tomato leaves with time after inoculation with TMV 
strain o at 50 /<g/ml. The host genotypes were: O— O, +  / +  ; A — A , Tm -I/+  and Tm-1 /
Tin-1. Values are means + standard errors.
Dawson ( 1965) found a delay between inoculation and measurable increase in infectivity 
in tomatoes o f resistant line C S tM W i8. This line was originally reported to have three 
recessive genes for resistance to T M V  (Walter, 1956), but has also been reported to contain 
Tm-1 (Pecaut, 1964; Pelham, 1972).
Reproducibility o f  inhibition o f  T M V  m ultiplication by  Tm -1
Table 2 shows that in several experiments, the multiplication o f T M V  strain 0 was 
inhibited to similar extents by gene T m -1 . Inhibition was consistently more effective in 
homozygous than in heterozygous Tm-1  hosts. The extent o f inhibition was not affected by 
the time o f year at which the experiment was done, nor by the size o f plant at the time o f 
inoculation.
To test whether the Tm-1  inhibition o f virus multiplication was equally effective against 
other isolates o f strain 0, plants were inoculated with three other isolates. Table 3 shows 
that none o f these isolates multiplied quite as well in directly inoculated leaves o f + /  +  
tomato as did the G C R I isolate o f strain 0 . However, only strain o y  multiplied less well 
than strain 0 in systemically-infccted leaves.
Tm-1  resistance was effective against all strains, but not to the same extent. Multiplication 
of the two strains producing yellow-green mosaic symptoms ( o y  and flavum )  was especially
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Table 2 . E ffects o f  the  Tm -j gene on m ultiplication o f  T M V  strain  0 in inoculated and 
system ica lly-in fected  leaves o f  tom ato hosts o f  different T M V -resistance genotypes
TMV RNA content of resistant hosts*
Height of <----- — »-------------------------—X
plants at Sampling Tm-1 /+ Tm-1 /  Tm-1
time of time xt A
inoculation (days after Inoculated Systemic Inoculated Systemic
Month (cm) inoculation) leaves leaves leaves leaves
July 30 28 18 26 — —
— 49 12 — — —
Sept. 15 21 25 34 2*2 15
Nov. 15 18 29 32 6-i 15
April 10 19 31 — 3-8 —
— 28 — 32 — 1-4
* Expressed as percentage of TMV RN A content of comparable leaves on the + / +  susceptible host.
Table 3 . Concentrations o f fo u r  type  0 isolâtes o f  T M V  in inoculated and  
system ically-in fected  leaves o f  susceptible and résistant tom ato plants*
Host genotype
____________________________________A.___________________________________
+  / +  7m-// +
Inoculated Systemic Inoculated Systemic
TMV isolate leaves leaves leaves leaves
0 222 166 41 (18% ) 43 (26%)
OY 57 1 1 9 2 ' 5  (4 %) 0(0% )
flavum 59 169 i ' 5  (2 -5 % ) 5-1 (3 %)
vulgare 118 166 7-3 (6-2%) 43 (26%)
* Values are /tg TMV RN A/g fresh weight, measured 28 days after inoculation with each strain of virus at 
10/fg/ml. Figures in parentheses are TMV RN A concentrations in the Tin-1/ +  hosts expressed as a per­
centage of the concentration in comparable leaves of the + / +  host.
severely inhibited in Tm -1  plants. Strain vulgare multiplication was inhibited to about the 
same extent as strain 0 .
D I S C U S S I O N
Previous studies, using infectivity bioassay o f T M V  concentration, have suggested that 
the Tm-1 gene either inhibits T M V  multiplication (Pelham, 1 9 7 2 ; A rroya &  Selman, 1977 ; 
M otoyoshi &  Oshima, 1977), has no effect on it (Clayberg, i 960; Pelham, 1972) or even 
stimulates it (Pelham, 1972). None o f these reports gave a complete picture o f virus multi­
plication in resistant plants. In our investigation, we chose not to use infectivity bioassay for 
two reasons. Firstly, unless very large numbers o f test plants are used, infectivity bioassay is 
unable to distinguish between samples having small but possibly important differences in 
virus concentration (Bawden, 1950). Secondly, we have found that the specific infectivity 
o f T M V  multiplied in + / +  hosts is 5 to 15 times that o f T M V  multiplied in Tm-1 /T m -1  
hosts (R. S. S. Fraser & S. A . R . Loughlin, unpublished data). Thus comparison o f TM V 
concentrations in different hosts by infectivity is likely to be unreliable.
Our results, based on direct measurements o f T M V  R N A  and coat protein concentrations, 
show that the Tm-1  gene consistently inhibited accumulation o f both components o f the 
virus. The differences in virus R N A  content between + / +  and T m -1 /- f  plants, and 
between Tm-1  / +  and Tm-1 /T m -1  plants, were o f a size which would be difficult to detect 
by infectivity bioassay. But as T M V  quickly came to form the predominant nucleic acid and
protein components o f susceptible plants, its synthesis must have utilized a large proportion 
of host anabolic capacity. Reduction o f T M V  accumulation to 3 0 %  (T m -1 / + ) or 1 0 %  
(Tm-1 /T m -1 )  o f the amount in +  /  +  plants would significantly reduce this drain on host 
synthetic capacity, and thus have less effect on growth.
From our results, certain suggestions can be made about the mode o f  action o f the Tm-1 
gene. Measurements o f virus concentration in resistant plants suggested that the limited 
amounts o f T M V  R N A  and coat protein present were assembled into intact particles. This 
shows only that assembly can occur in T m -l  plants; it does not exclude the possibility that 
Tm-1 resistance might act on the assembly process, with non-assembled T M V  R N A  and 
coat protein being degraded.
The greater inhibition o f T M V  accumulation in Tm-1 /T m -1  plants than in Tm-1  /  +  
plants suggests that the extent o f  inhibition is dependent on the concentration o f gene 
product within the plant. In plants homozygous for T m -1 , both gene copies are presumably 
active, leading to a higher concentration o f gene product than in the heterozygote with only 
one copy.
The pleiotropic effects o f  the gene on symptom suppression and inhibition o f T M V  
multiplication give rise to an apparent paradox: the gene is dominant for symptom sup­
pression, but inhibition o f  T M V  multiplication is gene-dosage dependent. Various explana­
tions are possible. A  single active product o f the gene might have the ability to suppress 
symptom formation at lower concentrations than those effective against virus multiplica­
tion; or the pathway between gene and active products could be branched, with separate 
products inhibiting symptom formation and multiplication. The third possibility is that 
the amount o f virus accumulated in Tm-1  /  +  plants might be below some threshold con­
centration required for production o f  mosaic symptoms. However, if  plants are grown at 
a constant 33 °C , T M V  multiplies as well in Tm-1  hosts as in + / +  hosts, but visible 
symptoms are still suppressed by Tm-1  (our unpublished results). This suggests that the two 
effects o f the Tm-1  gene are due to partially separable mechanisms and that symptom 
formation is not solely controlled by amount o f  virus accumulated.
From  the time courses o f development o f infectivity and accumulation o f  T M V  R N A  
after inoculation o f resistant hosts, it appears that one action o f  the antiviral gene is to delay 
the onset o f detectable multiplication. The decline in infectivity recoverable from T m -1 /T m -1  
plants from inoculation until 15 days later suggests that the resistance agent is not produced 
in response to an initial phase o f virus multiplication,1'but is likely to be present in the plant 
before inoculation. In this feature Tm -X differs from the N  gene for T M V  resistance in 
tobacco (Holmes, 1938), where an initial phase o f virus multiplication occurs before the 
resistance mechanism becomes effective (Taniguchi, 1963 ; Fraser, 1979).
The patterns o f T M V  R N A  accumulation and infectivity changes after inoculation o f 
Tm-1 /T m -1  plants further suggest that the stage o f virus multiplication which is inhibited 
is an early one in the establishment o f infection in the plant. I f  the susceptible stage were 
a com paratively late one, such as cell-to-cell spread o f virus, then some initial rise in 
infectivity would be expected.
Having characterized some o f the effects o f Tm-1  on T M V  multiplication and symptom 
suppression, we are now in a position to ask more specific questions about which stage o f 
virus multiplication is the target o f  resistance, and about the nature o f the resistance gene 
product.
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Resistance to Tobacco M osaic Virus in Tom ato: Effects 
o f  the Tm-1 Gene on Symptom Formation and M ultiplication  
o f  Virus Strain 1
[A ccepted  I A pril 1980)
S U M M A R Y
The T m -i  gene in tomato inhibits development o f mosaic symptoms and 
multiplication o f tobacco mosaic virus (strain 0 isolates). A  virus isolate o f strain 1 
type caused mosaic symptoms on T m -i hosts almost as severe as those it caused on 
susceptible hosts. However, multiplication o f strain 1 virus (measured as 
accumulation o f virus R N A  or coat protein) was still partly inhibited in T m -i  
hosts. Thus the two end effects o f the T m -i  gene were to some extent separable.
In tomato, the resistance gene T m -i  prevents the systemic mosaic symptoms caused by 
common (strain 0) isolates o f tobacco mosaic virus (T M V ; Clayberg, i 960; Pelham, 1972). 
Accum ulation o f T M V  strain 0 is inhibited by about 7 0 %  in plants heterozygous for 
T m -i  and by 90 to 95 % in plants with homozygous T m -i  (Fraser &  Loughlin, 1980). 
Variants o f T M V  which can cause mosaic on T m -i  hosts have arisen naturally (Dawson, 
1965, 1967; Pelham el al. 1970) and are designated as strain 1 (Pelham, 1972). A s one 
approach to understanding how the T m -i gene can suppress symptom formation and 
T M V  multiplication, we have studied its effects on multiplication o f  T M V  strain 1 .
Nearly isogenic lines o f tomato (Lycopersicon esculenlum  Mill. cv. Craigella) with 
different combinations o f the T m -i  gene were grown under normal glasshouse conditions 
as described by Fraser &  Loughlin ( 1980). Line G C R  26 is susceptible ( +  /  +  ), J  484 is 
heterozygous (T111-1 /  + ) and G C R  237 is homozygous (T m - i /T m - i). T M V  tomato strains 
0 and r, isolated by single lesion transfers on N icotiana tabacum  L. cv. Xanthi-nc, were 
multiplied in N. tabacum  cv. Samsun and partially purified by the method o f M undry 
(1957)-
Plants 15 to 30 cm tall were inoculated on two upper, expanded leaves by dusting with 
400-mesh Carborundum  and rubbing by hand with a suspension o f T M V  at 5 /¿g/ml in 
50 mM-sodium phosphate buffer, pH 7 . Between three and seven replicate plants were 
inoculated for each genotype. Leaves were washed with running tap water immediately 
after inoculation.
To eliminate subjective bias in assessing symptom severity, plants were scored ‘ blind’ , 
i.e. without the observers knowing host genotype or virus strain. Sym ptom  severity was 
expressed on the scale: 0, symptom free; 1 , trace o f systemic m osaic; 2 , well-developed 
systemic mosaic with light green/dark green mottling o f  young leaves; 3 , severe mosaic, 
with pronounced mottling, stunting and distortion o f the upper parts o f the plant.
For measurements o fT M  V R N A  and coat protein concentrations, leaflets were harvested 
from all inoculated leaves o f each host type. Samples were also taken from the systemically- 
infectcd 4th and 5th leaves above the inoculated leaves. Midribs were removed and the 
laminas roughly chopped and mixed.
Nucleic acids were extracted from three 0-5 g samples o f chopped lamina as described 
by Fraser & Whenham ( 1978). T M V  R N A  content was measured after fractionation by
0 0 2 2 - 1 3 1 7 / 8 0 / 0 0 0 0 - 4 1 4 0  S0 2 . 0 0  c  1 9 8 0  S G M
„  V I R 5 0
222 Short com m unications
Time af ter  inoculation (days)
Fig. i. T im e  courses o f  deve lo p m en t  o f  m osa ic  sy m p to m s  a n d  a c c u m u la t io n  o f  T M V  R N A  in 
susceptib le  an d  T M V -res is tan t  to m a to  p lants.  P lan ts  w ith  genotypes  + / +  ( O — O ) ;  T m - 1 /  +
( A — A )  a n d  Tm -\/Tm -i ( □ — □ )  w ere inocu la ted  with T M V  stra in  1. (a) D ev e lo p m e n t  o f  systemic 
m osa ic  sy m p to m s .  (6 ) T M V  R N A  a c c u m u la t io n  in inocu la ted  leaves, ( r)  T M V  R N A  a c c u m u la t io n  
in systcmically-infected leaves. Each poin t  in (6 ) an d  (c) is the  m e a n  o f  th ree  replicate  de te rm ina t ions .
polyacrylamide gel electrophoresis (Loening, 1969) as described by Fraser &  Loughlin 
( 1980).
Total protein was extracted from 0-5 g samples and fractionated by electrophoresis 
under denaturing conditions on 10 to 30 % gradient polyacrylam ide slab gels (Neville,
1971), as described by Fraser &  Loughlin ( 1980). The gels were stained with P A G E  Blue 
G 90 and destained (Laem m li, 1970). A fter drying, the stained band corresponding to 
TM V  coat protein (identified by co-electrophoresis with purified coat protein) was cut out 
and the stain eluted overnight into 4 ml formainide. Stain concentration in the eluate was 
measured by absorbance at 600 nm. The amount o f stain bound and subsequently eluted 
was proportional to weight o f coat protein over the range o f  sample sizes used. Each 
electrophoresis run was calibrated by fractionation o f  known weights o f purified coat 
protein.
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Table 1 . Concentrations o f T M V  R N A  and coat protein in leaves o f  tom atoes o f  
different resistance genotypes in fected  with T M V  strain 0 or 1
T M V  R N A  T M V  coat  p ro te in
( f  g /g  fresh weight)  ( m g /g  fresh weight)
Experim ent* H o s t  geno type S tra in  0 Stra in  1 Stra in  0 Stra in
1 +  /  + 2 2 1 2 5 8 — —
T m - 1 /  + 6 8 7t — -
2 +  /  + 2 7 8 2 4 8 6-3 6 - 7
T m - 1  /  + 5 6 1 1  1 2 - 0 3’5
T m - l /T tn - l 5 8 1 - t 2 ' 2
3 + /  + 364 3 1 8
T m - l /  + " 5 1 2 0
T m - l /T m - l 5 79
* D a ta  for ex per im en ts  1  a n d  2  a re  f rom  directly  inocula ted  leaves; d a ta  for  exper im en t  3  a re  f rom 
syslcmically-infected leaves. S am pling  w as at  2 8  days  a f te r  inocu la t ion  for  exper im en t  1 , a n d  a t  1 9  days 
af ter  in ocu la t ion  for  exper im en ts  2  an d  3 . All values a re  m ean s  o f  three d e te rm ina t ions .
t  C o a t  p ro te in  c o n cen t ra t io n  was below the limit o f  sensi tivity o f  the  m e th o d ,  i.e. w as less than  a b o u t  
0 - 2 5  m g /g .
Fig. I (a) shows that in susceptible hosts inoculated with strain 1 , systemic mosaic 
symptoms became visible about 12 days after inoculation and quickly increased in severity. 
Susceptible plants inoculated with strain 0 developed symptoms at a similar rate (not 
shown). When inoculated with strain 1 , mosaic symptoms did develop on T m - i /+  and 
T in - i /T m - i  plants, though more slowly and to a slightly lower final severity than on +  /  +  
hosts. Plants with the T m -i  gene in hom ozygous or heterozygous form showed no mosaic 
symptoms when inoculated with strain 0 (Fraser &  Loughlin, 1980).
Fig. \{b) and (c) show time courses o f accumulation o f strain 1 T M V  R N A  in hosts o f 
the three genotypes, in both inoculated and systemically-infected leaves. In the + / +  host, 
the fall in T M V  R N A  concentration in systemically-infected leaves after 20 days was 
probably not an indication o f virus instability. L eaf expansion continued after maximum 
T M V  R N A  concentration had been reached, and may have diluted the virus after its rate 
o f accumulation had slowed. We found similar patterns o f  accumulation o f  T M V  R N A  o f 
strain 0 in the + / +  host (Fraser &  Loughlin, 1980).
In leaves o f hosts containing the T m -i  gene, accumulation o f  strain 1 T M V  R N A  was 
inhibited. The inhibition occurred both in inoculated and systemically-infccted leaves. 
Twenty days after inoculation, T M V  R N A  concentration in T m -i hosts was generally 
between 10 and 3 0 % o f that in susceptible hosts. Accum ulation o f the coat protein o f 
strain 1 was also inhibited in T m -i  hosts, to about the same extent as T M V  R N A  
accumulation (Table 1 ).
Further experiments compared the accumulation o f strain 1 with that o f strain 0 in 
susceptible and resistant plants. In susceptible plants, the two strains reached very similar 
concentrations, measured either as T M V  R N A  or coat protein (Table 1 ). In T m - i /  + 
plants, inhibition o f strain 1 accumulation was as great as or only slightly less than inhibition 
o f  strain 0 accumulation. In contrast, in T m - i /T m - i  plants, strain 1 accumulation was 
consistently less inhibited than that o f strain 0. The results show that, while inhibition o f 
strain o accum ulation was strongly dependent on T m -i gene dosage, inhibition o f strain 1 
accumulation was not.
In T m - i /T m - i  plants inoculated with strain 0, we found a delay o f 20 days between 
inoculation and the first detectable increase in virus concentration (Fraser &  Loughlin,
1980). In contrast, T m - i /T m - i  plants inoculated with strain 1 did not show this ‘eclipse’ 
phase: detectable increase in T M V  R N A  was established by 6 days after inoculation 
(Fig . 1 b).
Thus I here were some differences in the ell eels o f T m -i on accumulation o f strains o and i , 
but strain i remained substantially unable to overcome the inhibitory effects o f T m -i  on 
virus multiplication. Previously, we reported that accum ulations o f four different isolates 
o f strain o were inhibited to different extents in T m -i  plants (Fraser &  Loughlin, 1980). 
It is possible that accumulation o f different isolates o f strain 1 might also be inhibited to 
different extents.
The failure o f  strain 1 to overcome the inhibitory effect o f T m -i  on virus accumulation 
contrasts with its ability to overcome the symptom suppression function o f T m -i. These 
results therefore suggest that the two end effects o f T in -i are to some extent separable and 
may involve partially independent mechanisms. One possible explanation for the dual 
function o f the gene is that the pathway between gene and end effects is branched, with 
separate functional end products inhibiting symptom formation and virus multiplication. 
A lternatively, we cannot exclude the possibility that the sole effect o f T m -i  is suppression 
o f symptom formation, while inhibition o f T M V  accum ulation is controlled by a separate 
gene only present in T m -i  plants.
We thank Dr T. J. Hall, Glasshouse Crops Research Institute, Littlehampton, U .K ., for 
useful discussions and for supplies o f tomato seeds and virus isolates.
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Stimulation by Abscisic Acid of RNA Synthesis in Discs
from Healthy and Tobacco M osaic Virus-infected Tobacco Leaves
R .J. Whenham and R .S .S . Fraser
Biochemistry Section. N a t iona l  Vegetable Research Station. Wellesbournc,  Warwick CV35 9EF. U.K.
Abstract. U ptake o f abscisic acid from the culture 
medium by discs o f  healthy and tobacco m osaic virus- 
infected tobacco leaves was measured. Small (two to 
five-fold) increases in abscisic acid concentration in 
discs caused increases in rates o f [3H]uridine and 
[3H]adenine incorporation into total nucleic acid, v i­
rus R N A  and host ribosom al R N A . Net accum ula­
tion o f virus R N A  was also enhanced by abscisic 
acid. This evidence for stim ulation o f R N A  synthesis 
is compared with previous reports showing inhibition 
o f R N A  synthesis in other tissues. It is suggested 
that the increase in endogenous abscisic acid caused 
by tobacco mosaic virus infection m ay be at least 
partly responsible for observed increases in rates o f 
R N A  synthesis after infection.
Key words: A bscisic acid -  N icotiana -  Ribonucleic 
acid synthesis -  Tobacco m osaic virus.
Introduction
When abscisic acid (A B A ) is applied to plant tissues, 
its reported effects include inhibition o f  growth (re­
viewed by M ilborrow  1974) and R N A  synthesis (Vil- 
liers 1968; Pilet 1970 ; Bex 19 7 2 a ; Zw ar and Jacobsen 
1972; W albot et al. 19 75 ; M inocha and D iBona 
1979). The mechanism o f inhibition o f R N A  synthesis 
is not understood: it has been suggested that A B A  
may indirectly interfere with chromatin activity (Pear­
son and W areing 1969) and R N A  polymerase activity 
(Bex 1972b). Infection o f tobacco leaves by tobacco 
mosaic virus (TM V ) increases their endogenous A B A  
concentration by two to five fold (R .J . Whenham 
and R .S .S . Fraser, submitted manuscript). R N A  syn­
thesis in virus-infected leaves is at a high rate: T M V
Abbreviations: ABA =  abscisic acid; T M V  =  tobacco mosaic virus
R N A  accum ulates to as much as 500 pg per g fresh 
weight, and host ribosom al R N A  synthesis is stimu­
lated in the early stages o f infection (Fraser 1972, 
1973). These findings prompted us to exam ine the 
effects o f increased A B A  concentration on R N A  syn­
thesis in tobacco leaves. Our results suggest that in 
this tissue, small increases in A B A  concentration may 
stimulate R N A  synthesis and accum ulation.
M aterials and Methods
Tobacco  plants (N icotiana tabacum  L. cvs Samsun and  White Bur­
ley) were grown and inoculated on two expanded lower  leaves 
with T M V  strain vulgare as described by Fraser  and  W henham  
(1978). Upper  leaves became infected by systemic spread o f  virus. 
Those which had expanded to abou t  one-half  final size were h a r ­
vested one day after  appearance  o f  mosaic  symptoms, i.e. very 
early in the virus multiplication phase (Fraser  1972). C o m parab le  
leaves were also taken from healthy plants.
After  surface steril ization for 15 min in 0.01% benzalkonium 
chloride; 5%  ethanol, leaves were washed three times with sterile 
water and discs o f  6  o r  15 mm diameter  removed by cork borer. 
G roups  o f  four discs were floated on sterile B5 medium  (G am b o rg  
et al. 1968) contain ing  various concentra t ions o f  ( +  ) cis-trans-abs­
cisic acid (Sigma Chemical Co. UK) but  no o ther  hormones. 
Discs were infil trated under  vacuum  for 2 min then incubated in 
a growth cabinet  at  25° C with an  irradiance o f  50 W m ~ 2  and 
a 14 h daylength. Each trea tment was replicated three or  five times.
[5-'’ H]uridine (specific activity 0.9 TBq mmol ' 1) or  [2-3 H]ade- 
nine (specific activity 0.75 TBq m m o l ' 1) (Radiochemical  Centre.  
Am ersham  USA) were added to label nucleic acids via the pyrimi­
dine o r  purine precursor pathways respectively. Radioactive co n ­
centrations and time of  labell ing are given in results.
Fo r  measurement o f  total up take  an d  incorpora t ion  o f  rad ioac­
tivity. each group o f  four  discs was rinsed in water  and  lightly 
blotted, then homogenized in 1 ml 0.5 M H C 1 0 4  at  0° C. T he  ho- 
mogenate was centrifuged at 12.000 g  for 3 min. and  acid-soluble 
radioactivity measured by counting 0 . 1  ml o f  supe rna tan t  in 8  ml 
scintillation liquid (0 .5% 2-(4’- /m-butylphenyI)-5-(4"-biphenylyI)-
1.3.4-oxadiazole in toluene: 2-mcthoxyethanol 6 :4  by volume). 
Correction of  counts  to 100% counting  efficiency was by the exter­
nal s tandard  channels ratio method.
The precipitate was suspended in 1 ml 0.5 M H C I 0 4. collected 
by fi ltration on a W hatm an  G F /A  glass fibre disc and  washed
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three times with 4 ml 0.5 M H C 104 . Nucleic acids on  the filter 
were hydrolyzed at  70° C lor  30 mill with 0.3 ml 0.5 M H C 1 0 4. 
then cold acid-insoluble radioactivity (incorporation) was deter­
mined by counting as above. Tota l  isotope uptake  was acid-soluble 
plus acid-insoluble radioactivity.
A m oun ts  and rates o f  synthesis o f  individual R N A  species 
were measured by extracting total nucleic acids by a phenol-deter­
gent procedure as described by Fraser  and  W henham  (1978). The 
nucleic acids were fractionated by electrophoresis on 2 . 1 %  poly­
acrylamide gels (Loening 1969) for 3 h  at  5 mA/gel . 8 V c m ~ ‘ . 
Gels were scanned for abso rp t ion  at  265 nm and  the am o u n t  o f  
T M V  RN A  determined from the area o f  its ultraviolet  absorp tion  
peak (Fraser 1971). Gels were cut into 1 1 1 1 1 1 1  thick slices and  rad io ­
activity in each slice m easured by H C 1 0 4  hydrolysis and  scintilla­
tion counting as above.
ABA concentrations in healthy and  infected leaf tissues were 
measured by extraction and  gas-l iquid ch rom atog raphy  as de­
scribed by Fraser et al. (1979). ABA uptake  by discs was measured 
bv floating them on B5 medium contain ing various concentrat ions 
o f  total ABA and know n radioactivities o f  ( + )  c/.v-tra/i.s-[2-l 4 C]abs- 
cisic acid (Radiochemical Centre. A m ersham ;  specific activity 
440 MBq mmol ‘ ). After  incubation, the discs were rinsed in 
water , lightly blotted an d  homogenized in 80% m ethanol at  0° C. 
Methanol was removed under  vacuum and  [ l 4 C]ABA separa ted 
into free acid and  "b o u n d '  fractions (the latter presumed to be 
the glucosyl ester; M ilborrow (1970)). by acid/base partitioning 
o f  the homogenate with d ich lorom ethane (Zabada l  1974). Rad ioac­
tivity in free acid and 'b o u n d '  ABA fractions was m easured  by 
scintillation counting as above.
Results
A B A  Uptake. In a typical experiment, the endogenous 
A B A  concentration o f healthy tobacco leaves was 
2 4 ± 2 n g g  1 fresh weight (mean +  standard error). 
Comparable. TM V-infected leaves contained 46 ±  
6 ng g Endogenous A B A  concentration varied 
with lea fa g e  and environm ental conditions: over all 
experiments the range was from 10-40 n g g “ 1 in 
healthy leaves and 20-80 ng g 1 in TM V-infected 
leaves. Infected leaves consistently contained between 
two and five times the A B A  concentration o f  com pa­
rable healthy leaves sampled at the same time.
Leaf discs took up A B A  from the culture medium 
for at least 24 h at a constant rate. A fter 24 h exposure 
to [ 14C ]A B A , 40%  o f the A B A  taken up was recov­
ered as the free acid and 60%  was as the presumed 
glucosyl ester form, considered to be the m ajor rapid- 
storage form o f A B A  (M ilborrow  1970). This ratio 
o f free to bound A B A  was independent o f exogenous 
A B A  concentration.
Uptake o f A B A  varied somewhat from experiment 
to experiment: overall it depended strongly on A B A  
concentration in the medium over a very wide range 
(Fig. I). Discs from TM V-infected leaves consistently 
took up more A B A  than com parable discs from 
healthy leaves: over all experiments A B A  uptake by 
infected discs was 3 .3 ± 0 .3 t im e s  (mean +  S .E .) that 
in healthy discs.
Fig. 1. Abscisic acid uptake by tobacco  leaf discs. Discs were incu­
bated for 24 h with various concentra t ions o f  ABA. Open symbols 
represent discs from healthy leaves; d o s e d  symbols discs from 
TMV-infected leaves. (■). cv. Sam sun;  ( • .  o; a .. a) two separate 
experiments with cv. White Burley
A t exogenous A B A  concentrations o f around 10 “ 7 
to 10 “ 6 M, sufficient A B A  was taken up by discs 
to increase their internal A B A  concentration by about 
two to six-fold after 24 h. This increase is similar 
in size to the increase in endogenous A B A  stimulated 
by T M V  infection.
Incubation o f  discs with higher exogenous A B A  
concentrations led to much bigger increases in disc 
A B A  concentration: at 10 “ 4 M exogenous A B A  the 
level in discs rose by about 2.000-fold. This represents 
an A B A  concentration in treated discs o f alm ost 10 “ 3 
M. i.e. alm ost ten-fold higher than in the medium. 
A B A  uptake cannot therefore have been solely by 
a passive diffusion process, but must have involved 
active uptake or sequestration after uptake.
E ffe c ts  o f  A B A  on R N A  Synthesis. Rates o f uridine 
uptake and incorporation by healthy leaf discs in­
creased during culture (Fig. 2). A B A  had little effect 
on uptake o f uridine at 4 h or 24 h. Incorporation 
o f uridine into cold-acid-insoluble m aterial was signif­
icantly stimulated by A B A  at both times o f incuba­
tion. M axim um  stimulation at 4 h was 3.5-fold , with 
5 • 10 “ 5 M exogenous A B A . A fter 24 h. the m aximum 
stimulation was 2-fold, with 4 - 1 0 “ 8 M exogenous 
A B A . Higher exogenous A B A  concentrations caused 
sm aller increases in incorporation.
The stimulation o f precursor incorporation by 
A B A  is confirmed by results shown in Fig. 3. Discs 
from TM V-infected leaves were pulse-labelled with 
[3H]adenine after various times o f  incubation. Uptake 
and incorporation o f adenine by control discs rose 
during culture. A B A  began to inhibit uptake by 16 h. 
and reduced the rate o f uptake by 60 to 70%  after 
46 h. Incorporation o f adenine was significantly stim ­
ulated by A B A  from 16 to 29 h ; the higher the A B A  
concentration the earlier the stimulation. By 46 h. 
A B A  apparently inhibited incorporation, but this
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Fig. 2A and B. Effects o f  abscisic acid on [3 H]uridine incorporation  
(A) and uptake  (B) by healthy tobacco leaf discs. Discs 6  mm 
in diameter  o f  cv. Samsun leaves were cultured on medium with 
various concentrat ions o f  ABA. and  labelled with 92.5 KBq m l - 1  
[3 H]uridine f rom 2 -4  h ( o .  □) or  from 22 24 h ( • .  ■). Vertical 
bars next to zero ABA points indicate least significant differences 
from the control a t  i ’ =  0.05
Fig. 3 A and B. Effects of  abscisic acid on [3 H]adenine incorporation  
(A) and  uptake  (B) by discs o f  TMV-infec ted tobacco leaf. Discs 
6  m m  in diameter  from cv. Samsun leaves were cultured on medium 
with 0 (o); 10 6  M ( a ) or 10 4  M (■)  ABA and  pulse-labelled 
with 92.5 KBq m l - 1  [3 H]adenine for the last two hours  before 
harvesting. Vertical bars indicate the least significant differences 
from the control (0 ABA) at  P  =  0.05
could have been an indirect effect, resulting from the 
inhibition o f adenine uptake by A B A  at this time.
The data in Fig. 3 emphasise that the response 
to A B A  varied strongly with time, probably because 
continuous A B A  uptake caused continuously increas­
ing A B A  levels within discs.
Essentially similar results to those shown in Fig. 3 
were obtained when [3H]uridine was used as label 
for infected Sam sun lea f discs, and also when healthy 
or infected discs o f cv. White Burley were labelled 
with either [3H]uridine or [3H]adenine.
Figure 4 shows that T M V  R N A  and 25 S ribo- 
som al R N A  were labelled faster in discs treated with 
A B A  than in control discs. In this experiment, uridine 
uptake was decreased by 15 %  by A B A . Thus the 
increased total incorporation shown in Figs. 2 and 
3 was at least partly into high m olecular weight 
R N A s. and both host and viral R N A  syntheses were 
affected.
E ffec ts  o f  A B A  on T M V  R N A  Accum ulation . Table 1 
shows that T M V  R N A  accum ulation in two separate
D istance m igrated into gel (mm)
Fig. 4A  and B. Polyacrylamide gel elec trophoresis of  
[3 H]uridine labelled R N A  from 15 m m  d iameter  leaf  discs of  
TMV-infected Samsun tobacco. Discs were incubated  (A) 
without ABA or (B) with 10 6  M ABA for 24 h. and labelled 
for the entire per iod with 222 KBq ml 1  [3 Hluridine. D N A  
is at 6  mm. T M V  R N A  at  20 m m  and  25 S r ibosom al RN A  
at  36 mm into the gel. The con t inuous  line shows absorbance  
a t  265 nm ; the histogram radioactivity.  Each gel was loaded 
with one-eighth o f  the total  nucleic acid extracted from four 
discs
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Table I. Changes in T M V  R N A  concentrat ion  in discs from cv. 
Samsun tobacco leaves incubated with various concentra t ions o f  
abscisic acid
Experiment Exogenous 




T M V  R N A
(pg g 1 fresh weight)
1 “ 0 24 13.2
4 1 0 8 24 18.6
4 10 - 7 24 19.4
4 10 ft 24 24.4
2" 0 72 28
1 0
- 7 72 82
1 0
- ft 72 65
1 0
-  5 72 150
1 0
- 4 72 80
J TM V  R N A  concen tra t ion  at  the start o f  incubation with ABA 
was 1 2  pg g 1  fresh weight
h T M V  R N A  concentra t ion  at the start of  incubation with ABA 
was 18 gg g ' fresh weight
experiments was enhanced at all levels o f  A B A  treat­
ment. and was between 1.4 and 5 times greater than 
in control discs over the time-interval measured. Ba- 
lazs et al. (1973) reported increased infectivity in 
TM V-infected leaf discs treated with A B A . It is thus 
likely that the increased T M V  R N A  accum ulation 
shown in Table 1 was accom panied by assembly into 
intact, infectious virus particles.
Discussion
By choosing an appropriate exogenous A B A  concen­
tration. it was possible to alter the A B A  concentration 
o f leaf discs by a physiologically reasonable amount, 
causing changes similar in magnitude to those induced 
naturally by T M V  infection. However, we cannot ex­
clude the possibility that A B A  taken up by discs from 
the medium had a different intracellular distribution 
from that o f endogenous A B A .
Small increases in A B A  concentration within discs 
stimulated incorporation o f uridine and adenine into 
host and viral R N A s. Stimulated incorporation was 
also found at high levels o f A B A  treatment, which 
raised disc A B A  concentration to far beyond natural 
levels. The stimulation o f  incorporation was not be­
cause o f any effect o f A B A  on precursor uptake, 
which was only altered by long incubations with high 
exogenous A B A  concentrations.
Stimulation by applied A B A  o f precursor incor­
poration into T M V  R N A  was paralleled by greater 
net accumulation o f  T M V  R N A . This suggests that 
A B A  stimulation o f precursor incorporation was due 
to an enhanced rate o f synthesis, and not merely to
an effect o f A B A  on the kinetics o f precursor pool 
labelling.
It was not possible to demonstrate consistently 
a similar effect o f A B A  on ribosom al R N A  accum ula­
tion. Leaves in the latter part o f expansion growth 
begin to suffer a rapid net loss o f  ribosom al R N A  
(Fraser 1972). Discs incubated without A B A  in our 
experiments either showed little change or net loss 
o f ribosom al R N A . The high rate o f turnover o f ribo­
somal R N A  may have obscured any effect o f  A B A  
stimulation o f synthesis on ribosom al R N A  content. 
T M V  R N A  in contrast is not turned over as leaves 
mature (Fraser 1973).
Our suggestion that A B A  may increase the rate 
o f R N A  synthesis is contrary to several earlier studies 
showing inhibition. M any o f these used em bryonic 
tissues (Villiers 1968; W albot et al. 1975) or actively 
dividing material (Pilet 1970 ; M inocha and DiBona 
1979). whereas our tissue was mature and had virtual­
ly finished D N A  synthesis and cell division (Fraser
1972). Possibly the developm ental stage o f  a tissue 
affects its response to A B A .
M ost o f these reports did not measure changes 
in tissue A B A  concentration, and m ay have been mea­
suring inhibition o f  R N A  synthesis at unnaturally 
high A B A  concentrations. Bex (19 72a ) reported inhi­
bition o f R N A  synthesis in coleoptiles only after up­
take o f more than 600 ng A B A  g~ '.
Several reports o f inhibition o f R N A  synthesis 
by A B A  have dealt with A B A  reversal o f stimulation 
o f R N A  synthesis by another exogenously-applied 
hormone such as cytokinin (N eskovic et al. 1977), 
gibberellic acid (Zw ar and Jacobsen 1972) or auxin 
(Pilet 1970). In our experiments no other hormones 
were added.
Experim ents reported by N eskovic et al. (1977) 
indicated a possible stimulation o f R N A  synthesis: 
[32P]orthophosphate incorporation into nucleic acids 
was stimulated by A B A  in the presence o f high con­
centrations o f kinetin. M inocha (1979) found that 
A B A  promoted cell division and D N A  synthesis in 
cultured explants o f Jerusalem  artichoke tuber.
We do not know the mechanism by which A B A  
may stimulate R N A  synthesis in tobacco leaves, and 
whether this is related to the means by which it inhib­
its R N A  synthesis in other tissues. However, the re­
sults presented here suggest that small increases in 
A B A  concentration might have a physiological signif­
icance in control o f R N A  synthesis. The increase 
in endogenous A B A  concentration caused by T M V  
infection could therefore be at least partly responsible 
for the high rate o f T M V  R N A  synthesis and early 
stimulation o f host ribosom al R N A  synthesis after 
infection (Fraser 1973).
Wc thank Su Loughlin for excellent technical  assistance.
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Effect of systemic and local-lesion-forming strains of 
tobacco mosaic virus on abscisic acid concentration in 
tobacco leaves : consequences for the control of leaf growth
R . J .  W h e n h a m  and R . S. S. F r a s e r
Biochemistry Section, National Vegetable Research Station, Wellesbourne, Warwick CV35 9EF, U.K.
(Accepted for publication December 1980)
Abscisic acid (ABA) is a plant hormone which inhibits growth. Its concentration increased 
2- to 6-fold in leaves of White Burley tobacco systemically-infected with the vulgare strain of 
tobacco mosaic virus (TMV). The concentration of “ bound”  ABA (presumed to be the 
glucosyl ester) was not affected by infection. TM V  strain flavum produced necrotic lesions 
and localized infection. Commencing at the time of lesion appearance, free ABA increased 
by up to 18-fold, and “ bound”  ABA by up to 3-fold. The increase in ABA occurred in or 
very close to the lesions. ABA concentration also increased in uninfected leaves of flavum- 
infected plants, probably by ABA transport from inoculated leaves. The means by which 
systemic and localized TM V infection might stimulate ABA synthesis are discussed.
Virus infection reduced leaf growth. Healthy plants were sprayed with ABA to test 
whether growth inhibition could be caused by the raised ABA concentration after infection.
Both infection and application of ABA to healthy plants decreased leaf growth by inhibiting 
cell division: neither affected cell expansion. The 2 treatments had similar effects when 
applied at different stages of leaf development. Quantitatively, raising the ABA concentration 
of healthy leaves by an amount similar to the increase caused by TM V gave a similar inhi­
bition of leaf growth. It is concluded diat raised ABA concentration after infection is a major 
cause of the inhibited growth of infected plants.
IN T R O D U C T IO N
Virus infection o f plants frequently inhibits growth and causes changes sim ilar to 
senescence. These changes m ay in part result from virus-induced changes in plant 
hormone concentrations. Abscisic acid (ABA) is a naturally occurring hormone 
which inhibits growth and, i f  supplied exogenously, promotes senescence [reviewed in 
13]. A lthough there have been reports o f altered A B A  concentrations after virus 
infection [ 1 , 3, 18], there has been no detailed investigation o f changes in A B A  
concentration during various types o f host-virus interaction. N or has there been any 
assessment o f the effects o f virus-induced changes in A B A  on plant growth.
In  this paper we report changes in  A B A  in W hite Burley tobacco after infection 
with tobacco mosaic virus (T M V ) . This host was chosen because it allows com pari­
son o f 2 different host reactions to infection. W ith T M V  strain vulgare infection is 
systemic, while with stxa.\nflavum, the virus is restricted to necrotic local lesions which 
form around the sites o f infection.
T h e im portance o f virus-induced changes in endogenous A B A  in control o f plant 
growth was exam ined: the effects o f infection on plant growth were compared with 
those caused by artificially increasing the A B A  concentration in healthy plants. 
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M A TE R IA LS  A N D  M ETHO DS
Plants and viruses
Tobacco plants (Nicotiana tabacum L .) cv. W hite Burley were grown in Jo h n  Innes 
No. 2 compost in 12-5 cm  pots. Plants were kept in a glasshouse under natural 
lighting conditions. The tem perature was 16  °G at night and 20 to 25 °G during the 
day.
T M V  strains Jlavum and vulgare were multiplied in the systemic host N . tabacum cv. 
Samsun. Inocula were prepared by grinding frozen, infected leaves in a pestle and 
m ortar and diluting 10 2 to 10 5 times with 50 mM sodium phosphate buffer, pH  7-0. 
W hite Burley plants with 7 to 9 expanded leaves were lightly dusted with C arbor­
undum on 2 lower leaves and inoculated by rubbing w ith virus suspension. Control 
plants were rubbed with sterile phosphate buffer alone (sham-inoculated) or were 
untreated. Leaves were washed with running tap water im m ediately after inoculation.
T M V  multiplication
Virus m ultiplication was followed by measuring changes in T M V  R N A  content. 
Total nucleic acid was extracted from lea f samples (0-5 to 1 -0 g fresh wt) by a phenol- 
detergent procedure and purified as described previously [7], T M V  R N A  content 
was measured by polyacrylam ide gel electrophoresis [70]. Each  assay o f T M V  R N A  
was performed in duplicate.
A B A  determination
A B A  occurs in leaves as the free acid and in a “ bound”  form, presumed to be A B A  
glucosyl ester [72]. T o  measure the concentrations o f free and “ bound”  A B A , 1 g 
leaf samples were homogenized in 80%  acetone at 0 °C . O ccasionally 80%  methanol 
was used as extractant when the concentration o f free A B A  only was required. Both 
solvents contained 10  m g 1 - 1  butylated hydroxytoluene as antioxidant. 14C -A B A  
(0-5 n C i; l i n g  of T :)-cfi-trm i-[2-14C ]-A B A , l l- 9 m C i m m ol- 1 ; Radiochem ical 
Centre, Amersham) was added to the homogenates to allow measurement o f A B A  
recovery and to facilitate location o f  A B A  on chromatograms.
T he organic solvent was removed under vacuum , and free and “ bound”  A B A  
fractions prepared by acid/base partitioning with dichloromethane [24]. Free A B A  
was removed in the acid dichloromethane fraction, leaving “ bound”  A B A  in the 
aqueous residue. M ethyl abscisate (M eA BA ) formed from  “ bound”  A B A  in 
methanolic extracts [75] was quantitatively removed in the alkaline dichloro­
methane fraction and did not interfere with the assay o f free A B A  using methanol 
extraction.
A  further 0-5 nC i o f [ 14C ]-A B A  was added to the aqueous residue from dichloro­
methane partitioning, and A B A  released from the “ bound”  form by alkaline 
hydrolysis [72] then re-extracted with dichloromethane at pH  3-0.
Free A B A  and A B A  released from the “ bound”  form (referred to as “ bound”  
A BA ) were purified by thin-layer chrom atography (t.l.c.) on silica gel developed 
with toluene : ethyl acetate : acetic acid (25 : 15  : 2, v/v). Cis-trans A B A  was located 
on chromatograms in a radiochrom atogram  scanner (Birchover Instruments Ltd.) 
and eluted with methanol. Free and “ bound”  A B A  were methylated with ethereal 
diazomethane [75] and M eA B A  further purified by t.l.c. on silica gel developed with
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either hexane : ethyl acetate ( 3 : 1 ,  v/v) or chloroform : ethyl acetate ( 9 : 1 ,  v/v). 
M eA B A  was located in the scanner and eluted with ethyl acetate.
Total M eA B A  content o f samples was measured by gas chrom atography using a 
2 m column of 2-5%  O V -l/G a s Chrom  Q ,at 235 °G ; injector and detector tem pera­
tures were m aintained at 300 °C . T h e carrier gas was argon : methane (95 : 5) at a 
flow rate o f 30 ml min - 1  through the column. A B A  was measured using an electron 
capture detector [20], calibrated by chrom atography of known amounts o f M eA B A  
(14C -A B A  from the Radiochem ical Centre, methylated as above). The identification 
of M eA B A  on chromatograms was confirmed by combined gas chrom atography- 
mass spectrometry.
Recovery o f [ 14C ]-A B A  was measured by liquid scintillation counting o f a sample 
of the ethyl acetate eluate in toluene containing 5 g l _1 2-(4'-i-butylphenyl)-5-(4"- 
biphenylyl)-l,3,4-oxadiazole. Correction o f counts to 10 0 %  counting efficiency was 
by the external standard channels-ratio method. The typical recovery o f [ 14C ]-A B A  
in purified samples was 60% . L e a f A B A  concentrations measured by gas chrom a­
tography were corrected to 10 0%  recovery using the [ 14C ]-A B A  recovery measure­
ments. The weight o f [ 14C ]-A B A  present was subtracted from the total.
A B A  assays were performed on duplicate samples taken from a  m inim um  of 4 
plants at each harvest. A ll experiments were repeated at least once. The variation 
in A B A  concentration between replicate samples was lo w : all individual determi­
nations were within ffi5%  of the mean.
L ea f area and cell number
L e a f areas were measured with a photoelectric digital scanner [5 ]. L e a f  cell number 
was determined by m acerating lea f discs in 5 %  chromic acid [4] and counting 
samples in a haemocytometer slide. Cell fresh weights were obtained by dividing leaf 
fresh weight by the calculated number o f cells per leaf.
L ea f diffusive resistance
Diffusive resistance as a measure o f stomatal aperture in leaves was meaured with an 
autom atic porometer (Delta T  Devices, Cam bridge).
R E S U L T S
A B A  in vulgare-infected plants
The concentration o f free A B A  in leaves o f healthy plants varied considerably, within 
the range 7 to 42 ng g _1  (Fig. 1 , T ab le 1) . These values agree well with other pub­
lished estimates for unstressed tobacco leaves [5, 75]. No consistent differences were 
found between sham-inoculated and untreated control leaves.
W hile there was some tendency for expanding leaves to have higher free and 
“ bound”  A B A  concentrations than mature leaves, it is likely that some o f the vari­
ation in A B A  concentration was caused by changes in  environmental conditions 
between and during experiments. T o  minimize the effects o f such environmental 
changes, healthy and infected plants were grown together and samples from both 
were alw ays taken at the same time.
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Most o f the A B A  in healthy leaves was in the “ bound”  form ; depending on leaf 
age, free A B A  constituted only 7 to 2 1 %  of the total. High proportions o f “ bound”  
A B A  have also been reported for unstressed cotton and vine leaves [5, 11].
Accum ulation o f T M V  R N A  was detectable in both inoculated and systemically- 
infected leaves by 5 days after inoculation, and continued for a further 20 to 25 days 
(Fig. 1). T M V  infection had little effect on the “ bound”  A B A  concentration in
F ig . 1 . ABA and TM V RNA concentration in vulgare-iniccted tobacco leaves. Plants 
were inoculated with TM V strain vulgare diluted 1 : 2 x  102 (® )  or with buffer (o). Free 
ABA concentration was compared in (a) inoculated leaves and in (b) the 3 leaves above the 
upper inoculated leaf. (A) TM V  RNA concentration.
T a b l e  1
Concentration of free and “ bound” ABA in healthy and vulgar u-infec ted tobacco leaves“
Leaf
Free ABA 
n g g -1
“ Bound”  ABA 
n g g -1
Total ABA 
n g g ’ 1
Free ABA 
% total
Infected 5 33 145 178 19
9 50 106 156 32
13 73 38 1 1 1 66
Healthy 5 8 115 123 7
9 8 88 96 8
13 12 45 57 21
“Plants were inoculated on leaves 5 and 6, numbered from the base of the plant, with 
TM V  strain vulgare diluted 1 : 2 x l 02 or were untreated. Free and “ bound”  ABA 
concentrations were compared in leaves of different ages 30 days later.
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leaves, but increased the free A B A  concentration to between 2 and 6 times that in 
com parable healthy leaves (Table 1 , F ig. 1) . Except for the very early stages o f 
infection, the TM V -stim ulated increase in free A B A  concentration was present 
throughout the virus accum ulation period, and occurred in both inoculated and 
systemically-infected leaves.
Leaf number
F ig .  2. Effect of ABA and vulgare infection on leaf growth. Plants were either inoculated 
with T M V  strain vulgare diluted 1 : 2 x 102 (©) or were sprayed with a 5x  10-5 m solution 
° f  (±)-cis-trans ABA (o ) .  (a) Leaf fresh weight and (b) leaf area were measured 30 days 
later. Leaf area and weight were expressed as percentages of untreated controls. Leaves were 
numbered from the base of the plant.
Effect o f  exogenous A B A  and vulgare infection on leaf growth
Infection with vulgare reduced lea f growth (Fig. 2 and ref. [7]). T o  test how much of 
the growth inhibition was due to the raised concentration o f A B A  in infected plants, 
healthy plants were sprayed with A B A  on alternate days and their growth compared 
with that o f infected plants. Grow th parameters were measured after 30 days 
infection or A B A  treatment. Leaves at higher positions on the plant had become 
exposed to infection or A B A  at progressively earlier stages o f development.
Spraying with 5 x 1 0 ~ 5 m (±)-cis-trans  A B A  reduced lea f growth (measured as 
fresh weight or area) by an amount similar to T M V  infection [Fig. 2(a), (b)]. The 
reduction in growth by either treatment depended on lea f a g e : the younger the lea f 
at infection or start o f A B A  treatment, the greater the inhibition o f growth. T M V  
infection and A B A  treatment had reduced shoot height by 50 or 3 2 %  respectively 
after 30 days.
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Figure 3 shows that the reduction o f lea f area by T M V  infection or A B A  treat­
ment was correlated with reduced cell num ber per leaf. This relationship held for 
leaves infected or A BA-treated at various stages o f development, and thus showing 
a  wide range o f growth inhibition. T h e m ean cell fresh weights in A BA -treated and 
vulgare-infected leaves were 102 i  10  and 1 16  T  7 %  respectively o f the m ean cell fresh 
weight in healthy control plants; thus neither treatment inhibited cell expansion.
The effect o f spraying with A B A  on the internal concentration o f A B A  was 
measured during the growth period. A fter 8 days A B A  treatment, leaves were 
thoroughly rinsed with alcohol and water to remove surface A B A . T he internal 
concentration o f free A B A  in A BA -sprayed leaves was 65 ± 2 0  ng g - 1  higher than in 
com parable leaves o f water-sprayed healthy control plants. Thus the increase in 
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F ig . 3. Effect of ABA and vulgare infection on leaf cell number. Plants were treated as 
in Fig. 2. Leaf cell number and area in infected (#) and ABA-treated (O) leaves were 
expressed as a percentage of control plants and were plotted for leaves of different ages at 
different positions on the stem.
A B A  in flzivum-infected plants
M ost flavum -infected plants showed only necrotic lesions in  inoculated leaves with 
no systemic spread o f virus. O ccasionally, individual plants showed severe systemic 
symptoms, probably caused by virus mutants [b ] ; such plants were discarded.
In  the experiment shown in F ig. 4, leaves were inoculated with a high virus 
concentration, producing an average 4000 lesions per leaf. Accum ulation o f T M V  
R N A  was detectable by the time o f lesion appearance, 2 to 3 days after inoculation. 
Lesion size and T M V  R N A  content increased up to 8 days. A fter this, leaves suffered 
necrotic collapse because o f the high lesion density.
T he concentration o f free A B A  in inoculated leaves increased at about the time 
o f lesion appearance [Fig. 4(a)]. In  several repeat experiments no consistent evidence 
was found for any increase in A B A  before lesion appearance. A B A  concentration (as 
ng g _1 fresh wt) in infected leaves continued to increase until 8 days after inoculation
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F ig .  4. ABA and TM V  RN A  concentration in _/?amm-infected tobacco plants. Plants 
were inoculated with TM V strain flavum diluted 1 : 2 x  102 (#) or with buffer (O). Free 
ABA concentration was compared in (a) inoculated leaves and in (b) the 3 leaves above the 
upper inoculated leaf, ( a ) TM V RN A concentration in flavum-inoculated leaves. The 
arrow indicates the approximate time of lesion appearance.
T a b l e  2
Concentration of free and “ bound”  ABA in healthy and flavum-infected tobacco leaves“
Free ABA 
n g g “ 1
“ Bound”  ABA 
n g g - 1
Total ABA 




12 h before lesion appearance 33 79 112 29
sham-inoculated leaf 27 95 122 22
yfafKm-moculated leaf 144 h
after lesion appearance 138 182 320 43
sham-inoculated leaf 21 57 78 27
“Plants were inoculated with either TM V strain flavum diluted 1 : 2 X 102 or with 
buffer (sham-inoculated). Lesions (1500 per leaf) appeared approximately 84 h after 
inoculation.
it was 18  times higher than in com parable leaves o f healthy plants. Losses in lea f 
fresh weight caused by extensive necrotization contributed some but not all o f the 
increase in A B A  concentration. E ight days after infection, flavum-inoculated leaves 
contained 12  times more free A B A  per lea f than healthy leaves. Flavum infection also 
increased the concentration o f “ bound”  A B A  in inoculated leaves (Table 2). After 
lesion appearance the concentration was 3 times that in healthy leaves. Thus flavum  
infection had less effect on “ bound”  than free A B A  concentration.
In  the experiment shown in Fig. 5, leaves were inoculated with a low virus 
concentration, producing an average o f 25 well-separated lesions per leaf. Discs 
bearing a single lesion with a 1 to 2 mm thick ring o f non-necrotic tissue were cut at
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F ig .  5. ABA concentration in lesions. Plants were inoculated with TM V strain Jlavum 
diluted 1 : 105. Free ABA concentration in leaf discs 4 to 7 mm in diameter bearing single 
lesions (#) was compared to that in similar discs of healthy tissue from the same leaf (O).
Fifty to 400 discs were pooled for each determination. (□ ) Lesion diameter in mm.
various times after inoculation. The concentration o f free A B A  in such discs increased 
as lesions expanded. Discs bearing lesions had 2 to 4-3 times the A B A  concentration 
o f control discs cut from non-lesion areas o f the same leaf. Thus the increase in A B A  
concentration in leaves inoculated with Jlavum was associated with the lesions rather 
than being a response o f the lea f as a whole to infection. T h e increase in lea f A B A  
concentration was also proportional to the num ber o f lesions formed per leaf, over a 
very wide range (data not shown).
Non-infected leaves o fflavum -in ítc ttá  plants contained a higher concentration o f 
free A B A  than com parable leaves o f healthy plants [Fig. 4(b)], although A B A  
concentrations were lower than in inoculated leaves. F ive days after inoculation of 
the lower leaves the A B A  concentration in non-infected leaves was 6 times that in 
healthy plants. After the necrotic collapse of the inoculated leaves at 8 days, the A B A  
concentration in non-infected leaves remained consistently 1-1 to 2 times higher than 
in healthy plants up to 30 days.
Transport and metabolism o f  A B A  in ñavum -infected plants
The increase in  A B A  concentration in upper, non-infected leaves m ay have been due 
to enhanced synthesis within these leaves, or to transport o f A B A  from the lower, 
inoculated leaves. T o  test the latter possibility, [ 14C ]-A B A  was applied to inoculated 
leaves soon after the appearance o f lesions and the distribution o f labelled A B A  
followed in the plant (Table 3).
After 24 h, 50 to 60%  o f the [ 14C ]-A B A  had been metabolized to the “ bound”  
form, considered to be the m ajor rapid storage form [73]. Detectable transport of 
[ 14C ]-A B A  had occurred to other parts o f the plant. T h e free acid [ 14C ]-A B A  con­
centrations in the shoot tip and first untreated lea f were 0-9 and 3 - 1%  of the free acid 
[ 14C ]-A B A  concentration in the 2 treated leaves. This transport o f [ 14C ]-A B A  to 
uninfected parts o f the plant can be used to approxim ate the amount o f A B A  in the 
non-infected leaves which originated in the lower, inoculated leaves. It  is assumed 
that the metabolism and transport o f applied A B A  is the same as that o f endogenous 
A B A .
T a b l e  3
Transport and metabolism of UC-A£A in Ravum-infected plantsa
ABA in TM V -infec ted  to b a c c o 2 7 5
Time after ABA treatment
24 h 66 h 96 h
Leaf 10 -  2 d min ~ x/leaf
Free ABA 1 456 378 336
2 14 21 31
(3-1%) (5'6%) (9-2%)
3 4 5 3
(0-9%) (1-3%) (0-9%)
“ Bound”  ABA I 678 514 886
2 14 21 35
3 4 3 3
“Plants were inoculated on 2 lower leaves with TM V strain jlavum diluted 1 : 103.
After lesion appearance, each inoculated leaf was brushed with 2 ml of a 1-2 X  10-4 m  
solution of (±)-cis-trans [14C]-ABA (specific activity 1-8 mCi mmol- 1 ). At various times 
after treatment leaves were washed with alcohol and water to remove surface ABA 
and free and “ bound”  ABA extracted and purified by t.l.c. The radioactivity present 
in free and “ bound”  forms was measured in (1) both treated leaves, in (2) the first leaf 
above the upper inoculated leaf and in (3) the shoot tip. Figures in parentheses are 
percentages of the free [14C]-ABA present in both treated leaves.
From  Fig. 4 the amount o f A B A  in the 2 inoculated leaves 4 days after infection 
was approxim ately 1800 ng. I f  3-1 %  (55 ng) was transported to the first uninoculated 
lea f (fresh weight 1 -8 g) within 24 h, this would produce an increase in free A B A  of 
30 ng g  - 1  which is close to the increase observed. This calculation takes no account 
o f possible degradation o f A B A  in the upper leaf, but shows that the amount o f 
transport is o f the correct order o f magnitude to explain the observed increase in  free 
A B A  concentration in non-infected leaves [Fig. 4(b)].
D IS C U S S I O N
Several earlier studies have measured changes in concentrations o f plant hormones 
after virus infection. Growth inhibitor levels, measured by bioassay, were increased 
in lupins infected with pea mosaic virus [27]. and in rice seedlings infected with rice 
tungro virus [77]. U sing physical methods for identification and measurement o f 
A B A , R ajagopal [75] found decreased A B A  in TM V -infected tobacco, but examined 
only the very early stages o f systemic infection. Bailiss [2 ] found no alteration in 
A B A  concentration in cucum ber shoots infected with cucum ber mosaic virus, while 
Bailiss et al. [5] reported an increase in A B A  concentration in leaves o f Xanthi-nc 
tobacco form ing lesions after T M V  infection.
O ur results show that the concentration o f free A B A  in tobacco leaves was 
increased 2- to 6-fold on systemic infection with T M V , and that the increase persisted 
for the duration o f virus multiplication. Infection had little effect on “ bound”  A B A  
concentration: the increase in  free A B A  was probably therefore a result o f enhanced 
synthesis and not o f release from the “ bound”  form. Infection with T M V  strain 
flavum  caused increases in both free and “ bound”  A B A  concentration, which were
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associated with necrotic lesion formation. T h e increase in free A B A  concentration 
(up to 18-fold) was greater than the increase in “ bound”  A B A  concentration. A B A  
concentration was also increased in the upper, non-infected leaves o f /faram-infected 
plants; this increase could be largely explained by transport o f A B A  from the lower, 
inoculated leaves.
Although flavum  stimulated a much greater increase in A B A  concentration than 
vulgare, it accum ulated to much lower concentration (20 (tg T M V  R N A  g - 1 ) than 
vulgare (400 pg g - 1 ). T h e increase in A B A  was therefore not related to the amount 
o f virus made. The results suggest that virus infection might cause altered A B A  
concentration in two separate w ays: by causing necrosis, and by some mechanism 
related to T M V  m ultiplication in non-necrotizing tissue. Necrosis m ay cause water 
loss, and water deficit induces large and rapid increases in A B A  concentration [23]. 
The means by which T M V  multiplication in non-necrotic tissue might increase A B A  
synthesis are less clear. One possibility is by an effect on chloroplasts, the m ajor site 
o f A B A  synthesis [13]. Increased chloroplast membrane perm eability to A B A  is 
thought to enhance A B A  synthesis within the chloroplast [14], and T M V  infection 
has been reported to alter the properties o f chloroplast m em brane proteins [.9],
Systemic infection with T M V  strain vulgare severely inhibited lea f growth. In  
flavum-infected plants, growth o f uninfected leaves is also inhibited [6j .  O ur results 
suggest that these effects o f infection on growth could be consequences o f the raised 
A B A  levels after infection.
Q ualitatively, systemic T M V  infection and repeated application o f A B A  to 
healthy plants both reduced lea f growth by inhibiting cell division, rather than cell 
expansion. Both treatments had similar effects when applied at various stages o f lea f 
development. O ur finding that A B A  is transported from infected to non-infected 
parts o f plants inoculated with strain flavum  provides a  possible explanation o f the 
reduced growth o f non-infected leaves [6].
Q uantitative evidence that the increase in A B A  concentration caused by T M V  
infection is capable o f producing the observed inhibition o f growth is more difficult 
to obtain. Exogenously applied A B A  m ay have a different intracellular distribution 
and metabolism from endogenous A B A . Furtherm ore, it is experim entally difficult 
to apply exogenous A B A  so as to m im ic exactly changes in A B A  induced by virus 
infection over an extended growth period. O ur approach was to spray frequently 
throughout the growth period with a com paratively low concentration o f A B A , 
attempting to m aintain a raised concentration and replace A B A  which was m etabol­
ized or sequestered. O ur results indicate that when the A B A  concentration o f healthy 
plants was raised by an amount similar to the increase caused by T M V  infection, 
the inhibition o f growth was similar in  size to that caused by T M V  infection. This 
suggests that the virus-induced increase in A B A  was likely to be a m ajor factor in  the 
inhibition o f lea f growth. It  does not exclude the possibility that virus-induced 
changes in other hormones could also be im portant [cf. refs. /, 2 ], or that the large 
accum ulation o f viral nucleoprotein in a systemic infection m ay have significantly 
reduced host growth by competition for metabolites.
A B A  is important in control o f stomatal closure [16]. However, it is unlikely that 
the enhanced A B A  levels in TM V -infected plants caused reduced growth by closing 
stomata hence inhibiting gas exchange. W e found no difference in stomatal aperture,
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measured as diffusive resistance, between healthy leaves (2 -2 ± 0-1 s c m - 1 ) and leaves 
systemically-infected with T M V  (2 -5 ± 0 -1 s c m - 1 ).
Virus-induced increase in lea f A B A  concentration m ay have produced a situation 
favourable for virus m ultiplication. Inhibition o f host growth would reduce com­
petition for nucleoside triphosphates and amino acids required for virus synthesis. 
We have reported elsewhere that application o f A B A  to tobacco lea f discs increases 
the rate o f T M V  R N A  accum ulation [22].
We thank Babinder Sandhar and Su Loughlin for excellent technical assistance and 
Jo h n  Eagles o f the Food Research Institute, Norwich for g.c.-m .s. authentication of 
A BA .
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Evidence for the occurrence of the "pathogenesis-related" 
proteins in leaves of healthy tobacco plants during flowering
R . S. S. F r a s e r
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Four host-coded “ pathogenesis-related”  proteins accumulate in local-lesion-forming varieties 
of tobacco after infection with tobacco mosaic virus. It has been suggested that they are 
involved in the acquired systemic resistance of plants to a second inoculation.
It is shown that while these proteins were undetectable in leaves of young, healthy plants 
of the cv. Xanthi-nc., they did accumulate in large amounts when healthy plants flowered. 
Accumulation depended on the presence of both the developing inflorescence and the senescing 
lower leaves. The 2 commonest of these proteins from flowering, healthy plants were shown to 
behave identically to analogous proteins from young, infected plants on gel filtration, ion- 
exchange chromatography, and electrophoresis under denaturing and non-denaturing 
conditions.
When healthy plants were experimentally treated so that they accumulated very different 
amounts of “ pathogenesis-related”  proteins, no correlation was found between protein 
concentration and susceptibility to tobacco mosaic virus infection, measured either as lesion 
number or size. The role of the “ pathogenesis-related”  proteins in acquired systemic resistance 
is therefore questioned.
IN T R O D U C T IO N
The tobacco cultivars Xanthi-nc. and Sam sun N N  form necrotic local lesions after 
infection with tobacco mosaic virus (T M V ) . A t least 4 new, host-coded proteins are 
detected after infection, in both inoculated and non-inoculated parts o f the plant 
[6/ 8, 12, 14, 16~\. Antoniw et al. [2] suggested that they be named “ pathogenesis- 
related”  proteins (P R  proteins).
T M V  infection o f hypersensitive cultivars o f tobacco induces an apparent 
systemic resistance, measured as a decrease in size and number o f lesions formed after 
a second, challenge inoculation [9, 13, 15]. Treatm ent o f healthy plants with poly­
acrylic acid sim ilarly induces resistance to a challenge inoculation with T M V , and 
also causes production o f P R  proteins [7]. These results have led to suggestions that 
the P R  proteins m ay be part o f an inducible, antiviral defence mechanism [7, 8, 14], 
H owever, attempts to demonstrate antiviral activity o f P R  proteins directly do not 
seem to have been successful [<9, 9].
T h e P R  proteins are generally considered to be absent from healthy, untreated 
plants [2, 6, 14, 16]. In  this paper I  report that while P R  proteins are norm ally 
undetectable in healthy plants, they do accum ulate in large amounts in untreated 
plants at the onset o f flowering.
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M A TE R IA LS  A N D  M ETHO DS
Plants and virus
Tobacco plants (,Nicotiana tabacum L . cv. X anthi-nc.) were grown in a glasshouse and 
T M V  tomato strain 0 was m ultiplied and purified as previously described [5], 
Xanthi-nc. leaves were inoculated by rubbing with a suspension o f T M V  at 1 to 
5pg ml _1 in 10 m M  sodium phosphate buffer, pH  7, using Carborundum  as abrasive. 
Lesions were counted 7 to 10  days later. Lesion diameters were measured using a 
X 50  stereoscopic microscope. Chlorophyll was extracted from 1 g lea f samples into 
80%  acetone and measured spectrophotom etrically [77].
Protein extraction and purification
L e a f samples (5 g) were ground at 0 °C  in 5 ml phosphate-citrate buffer, pH  2-8, 
containing m ercaptoethanol [7], The homogenate was filtered through muslin and 
centrifuged at 10  000 ¿j- for 20 min. T h e supernatant formed the crude extract.
P R  proteins were partially purified from 20 ml batches o f crude extract by gel 
filtration on a 14 0 x 0 -8  cm column o f Sephadex G 50, followed by ion exchange 
chrom atography on a 12 x 0 - 8  cm column o f D E A E  cellulose (D E  52, W hatm an). 
Buffers and fractionation conditions were as described by Antoniw et al. [2]. Fractions 
o f the D E A E  column effluent were monitored for absorbance at 280 nm ; fractions 
containing protein peaks were concentrated b y dialysis against solid sucrose.
Electrophoresis
Sucrose was added to crude extracts to a final concentration o f 5 % . Sam ples o f 10 
to 500 pi o f crude extract, or o f partially purified P R  proteins, were fractionated by 
electrophoresis on 10 %  polyacrylam ide gels under non-denaturing conditions. The 
gels were 75 mm long, 6 mm diam eter; buffers were as described by D avis [7], 
Electrophoresis was for 5 h at 3 m A  per gel constant current, at 4 °C .
Further samples o f extract or partially-purified P R  proteins were adjusted to 
neutrality with 1 m  N aO H , then mixed with an equal volume o f buffer consisting o f 
120  mM T ris-H C l pH  6-8 ; 4 %  sodium dodecyl sulphate (SD S) and 10 %  2-mercapto- 
ethanol. T h e m ixture was heated in a boiling w ater bath for 3 min to denature 
proteins, then fractionated on denaturing (SD S) gels using the buffer system of 
Laem m li [77]. The stacking gel was 5 %  and the separating gel 12 %  acrylam ide. 
Electrophoresis was for 7 h at 3 m A  per gel constant current, at 20 °C .
After electrophoresis, gels o f both types were stained overnight in 0 -1%  P A G E  
Blue G90 in 40%  methanol, 7%  acetic acid, then destained in 14 %  m ethanol, 7%  
acetic acid. Destained gels were stored in 7%  acetic acid. M obilities o f protein bands 
were expressed relative to that o f the bromophenol blue m arker run in each gel (77 F) .
Gels were scanned for absorption at 260 nm in a Joyce-Loebl gel scanner; P A G E  
Blue G90 has an absorption m axim um  at this wavelength. On the scans, the peak 
area o f a protein band was shown to be proportional to the weight o f protein in the 
band, by electrophoresis o f different amounts o f the same extract. However, intensity 
of staining varied from experiment to experiment. T o  allow quantitative comparisons 
between experiments, samples o f a standard crude extract were fractionated with 
each batch o f gels. The standard extract was prepared from expanded leaves on
plants 20 cm tall. The leaves had an average o f 50 lesions and were extracted 6 days 
after inoculation with T M V  at 1 pg m l- 1 . The concentration o f the commonest P R  
protein (P R  la) [2] was defined as 100 units g - 1  fresh w t; concentrations o f all other 
P R  proteins were expressed relative to this. The lim it o f detection, set by consider­
ations o f gel loading and scanner sensitivity, was 0-05 units g _ 1.
R E S U L T S
PR proteins in TM V-infected leaves
Figure 1 shows fractionation on non-denaturing gels o f proteins extracted from 
expanded leaves o f young (20 cm  tall) plants. Proteins extracted from infected leaves
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R e la tiv e  m o b ility
F i g . 1. Electrophoresis on non-denaturing polyacrylamide gels of tobacco leaf protein 
extracts, (a) From leaves of young plants with a mean of 50 lesions per leaf, 6 days after 
inoculation with TM V  at 1 pg ml“ 1, (b) From leaves of young, healthy plants, 6 days after 
sham inoculation with carborundum and sterile phosphate buffer, (c) to (f) From leaves of 
healthy, untreated, mature plants, which were flowering and on which the lower leaves were 
senescing. Leaf samples were taken from (c), 900-1000 mm; (d), 600-700 mm; (e), 250-350 
mm; and (f), 0-150 mm high on plants.
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showed four highly mobile bands [Fig. 1 (a)] ; these bands were absent from healthy 
lea f extracts [Fig. 1(b )]. The infected lea f bands are identified as pathogenesis- 
related proteins P R  la , P R  lb , P R lc  and P R 2  in order o f decreasing m obility, and 
using the nomenclature system proposed by Antoniw et al. \2 ]. Th eir respective R F 
values were 0-86, 0-69, 0-59 and 0-53. These values com pare well with those found 
by Antoniw et al. [2 ] for 10 %  gels, i.e. 0-87, 0-69, 0-59 and 0-55.
The 4 P R  bands were also detected in non-inoculated leaves o f  infected plants. 
Between 10  and 15  days after inoculation o f one-half o f each o f 3 lower leaves, the 
concentration o f P R  la  in the uninoculated opposite halves ranged from 16 to 64 
units g - 1 . In  uninoculated upper leaves it was from  3-5 to 7 units g - 1 .
P R  proteins in healthy plants
Figure 1(c) to (f) shows gels o f proteins extracted from leaves o f older (120  cm tall) 
plants. These plants had received no virus inoculation or experim ental treatm ent; 
they were in flower and the lower leaves were yellow. The plants showed no 
symptoms o f disease, whether viral, fungal or bacterial, and exam ination o f sap in the 
electron microscope revealed no virus particles.
P R  proteins la  lb  and 2 were detected in all ages o f lea f (Table 1) . T h e highest 
concentrations o f P R  la  and P R  lb  were in leaves on the lower h alf o f the plant, which
T a b l e  1
Concentrations ofpathogenesis-related proteins and chlorophyll in leaves of uninfected, mature Xanthi­
ne. tobacco plants“
Height of Pathogenesis-related protein
leaves on Chlorophyll (relative units g - 1 )6
plant (mm) (mg g *) PR la PR lb P R lc PR2
900-1000 0-70 10-3 trace' 2-5 trace
600-700 0-30 16-6 3-6 trace 2-4
250-350 0-11 19-5 8-5 trace 1-5
0-150 0-02 9-8 3-8 ndd 1-2
° Plants were 1200 mm tall and flowering.
6 Expressed relative to the concentration of P R la  (100 units g - 1 ) in leaves of young 
Xanthi-nc. plants with an average of 50 lesions per leaf, 6 days after inoculation with 
T M V .
c Indicates a band visible to the eye, but not sufficiently resolved on the scan for area 
measurement. 
d Not detectable as a band by eye.
had lost most o f their chlorophyll. P R lc  was found more in the upper part o f the 
plant. G enerally, the relative proportions o f the four P R  proteins were similar to 
those in infected leaves, with P R la  present at the highest concentration, and P R lc  
and P R 2  at the lowest.
In  the oldest leaves on the plant, the P R  proteins formed the m ajor components 
o f the proteins extracted at pH  2-8. The less mobile, acid-soluble proteins found in 
younger leaves [Fig. 1 (c)] had been largely lost during lea f senescence.
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Partial purification o f  P R  proteins from  healthy and infected plants
Figure 2(a) and (b) shows non-denaturing gels o f partially purified P R  proteins 
from leaves o f young, infected (I) and old, healthy (H) plants. The fraction eluted 
from D E A E  cellulose at 200 d i m  N aC l contained only one m ajor band, corresponding 
in m obility to P R  la  [Fig. 2(a)], The fraction eluting at 150  mM N aC l had a more 
complex pattern, but was highly enriched for P R lb  [Fig. 2(b)], Antoniw et al. [2] 
achieved a further purification o f P R lb , by using 3 chrom atographic steps rather 
than the 2 used for Fig. 2(b).
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Relative mobility
F ig . 2. Electrophoresis of partially purified P R la  and PR lb  proteins, (a) and (c) Proteins 
eluted from DEAE cellulose at 200 m M  NaCl. (b) and (d) Proteins eluted at 150 m M  NaCl.
(a) and (b) show fractionations on non-denaturing gels; (c) and (d) fractionations on 
denaturing (SDS) gels. Gel scans marked I are from leaves of young plants with an average 
of 50 lesions per leaf, extracted 6 days after inoculation with TM V. Scans marked FI are 
from leaves 450 to 700 mm high on healthy, untreated plants which were in flower at the 
time of sampling.
O n denaturing (SD S) gels, the highly purified P R la  fractions from young 
infected or old, healthy leaves showed a single band o f high m obility [Fig. 2(c)]. Its 
m olecular weight, measured by co-electrophoresis o f m arker proteins (Dalton M ark 
V I  m olecular weight markers, Sigm a Chem ical Co.) was 14  000. This agrees with 
the results o f Antoniw et al. [2] for protein extracted from infected leaves. The P R lb
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fractions also showed a prominent band o f this mobility, together with some minor 
peaks [Fig. 2(d)], This result supports the suggestion by Antoniw et al. [2] that P R 1 b 
is a charge isomer o f P R  la , with the same m olecular weight.
Partially purified P R  la  and P R  lb  fractions from old healthy plants, were mixed 
with the corresponding partially purified fractions from young, infected plants, then 
fractionated by electrophoresis on denaturing and non-denaturing gels. The P R la  
and P R  lb  proteins were again detected as single, symmetrical bands. This provides 
confirm atory evidence that the proteins from the two sources had identical electro­
phoretic mobilities.
Thus the P R la  and P R  lb  proteins from young infected and from old healthy 
leaves co-purified during chrom atography, and behaved identically when fractionated 
on 2 different gel systems. Proteins extracted from young healthy leaves and partially 
purified by column chrom atography showed no traces o f P R la  or P R  lb  bands on 
either type o f gel.
Effects o f  decapitation and removal o f  lower leaves
T able 2 shows that i f  either the developing inflorescence or the lower leaves, or both, 
were removed from 900 mm-tall plants, the amount o f P R la  protein found 14  days 
later was very much less than in control plants, which had flowered and on which the 
lower leaves had yellowed during this period. Accum ulation o f the other P R  proteins 
was sim ilarly prevented by decapitation or rem oval o f the lower leaves.
T a b l e  2
Numbers and diameters of lesions formed on leaves of mature Xanthi-nc. tobacco plants, and concen­






P R la  concentration 
(relative units g - 1 )
A Control 8-4± l - 5c 1-25=1=0-1 l d 20-4
B Lower leaves removed 13-4± l -8 1-21 ±0-10 1-8
C Inflorescence removed 7-6± 2-5 l-60± 0-10 3-9
D Lower leaves and inflorescence removed 12-4± l -5 1-77 =1=0-15 1-1
° The developing inflorescence, and/or lower leaves showing any signs of yellowing, were 
removed from 900 mm tall plants. Fourteen days later, PR proteins were extracted from 
leaves situated between 450 and 700 mm high on the plants. Similar leaves were 
inoculated with TM V at 5 pg ml- 1 . 
b Values are means ¿standard errors.
c Using Kleczkowski’s transformation [70] for lesion numbers with low means, the treat­
ments are not significantly different at P — 0-05. Similarly transformed, lesion number 
on all plants with lower leaves removed (treatments B + D ) is significantly higher than 
on all plants with lower leaves remaining (treatments A + C ) at P =  0-01. 
d Least significant difference between treatments at P =  0-05 is 0'33 mm.
W hen these plants were inoculated with T M V , at 14  days after treatment, no 
correlation was found between concentration o f P R la  proteins, and either the size 
or num ber o f lesions formed. For example, control plants contained more than 10  
times as much P R la  as plants from which the lower leaves had been removed, but 
formed lesions o f the same size. Control plants contained more than 5 times as 
much P R la  as decapitated plants, but formed sim ilar numbers o f lesions.
T w o influences were, however, apparent: rem oval o f the inflorescence in any 
treatment led to a significant increase in lesion diameter, and rem oval o f the lower 
leaves led to a significant increase in lesion number.
Finally, it should be noted that the numbers o f lesions formed on any o f the old 
plant treatments were considerably lower (around one-tenth) than the numbers 
caused by the same inoculum on leaves o f young plants. Lesions on old and young 
plants were, however, o f sim ilar sizes.
DISCUSSION
This paper confirms previous reports that P R  proteins are not detectable in young, 
healthy plants [2, 8, 14, 16\. A  report by Barker [5], suggesting that P R  proteins 
were present in young, healthy plants was challenged by van Loon [74], who 
suggested that Barker’s conclusion was based on a misinterpretation o f protein band 
patterns on gel fractionations.
The results in this paper suggest that the 4 P R  proteins do accum ulate in healthy, 
untreated plants as they begin to flower and senesce. However, co-migration on a 
single gel system is not by itself enough to prove identity o f proteins extracted from 
different sources. The healthy plant P R  1 a and P R  1 b proteins were therefore partially 
purified and shown to behave identically to the infected plant P R  la  and P R  lb  
proteins by the following cr iteria : they eluted from gel filtration columns at the same 
volume, and from ion-exchange chrom atography at the same salt concentrations, 
and had the same mobilities when fractionated by electrophoresis under both 
denaturing and non-denaturing conditions. There can therefore be little doubt that 
the P R  la  and P R  lb  proteins from healthy, mature plants are the same as those from 
young infected plants.
The amount o f P R  protein accum ulated in healthy, mature plants equalled or 
exceeded the concentrations found in uninoculated parts o f young, TM V -infected 
plants, during the period when these parts displayed acquired systemic resistance.
T he induction o f P R  proteins in mature plants appeared to depend on the presence 
o f both the senescing lower leaves and the developing inflorescence: rem oval o f 
either caused a m ajor inhibition o f P R  protein accumulation. A  possible explanation 
is that a signal coming from one end o f the shoot, as a result o f developmental 
changes, elicits a second signal from the other end. This second signal then triggers 
the P R  protein accum ulation found in all leaves o f the plant. A lternatively, the P R  
proteins might actually be synthesized in either apex or lower leaves, and transported 
throughout the plant.
T h e occurrence o f P R  proteins in healthy plants brings their role in any induced, 
antiviral defence mechanism into question. It seems unlikely that they are involved 
in any specific response to the pathogen analogous to the m am m alian antibody or 
interferon systems.
It  might be argued that the com paratively low numbers o f lesions produced on 
leaves o f old plants is due in part to their content o f P R  proteins. However, leaves o f 
old plants are also thick and leathery, and m ay simply be more difficult to inoculate 
m echanically than the thinner, more fragile leaves o f young plants. The lack of 
correlation between the very different amounts o f P R  proteins found in mature plants 
from which different parts had been removed, and the numbers and sizes o f lesions
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formed after inoculation, is also difficult to reconcile with a role o f these proteins in 
acquired systemic resistance.
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S U M M A R Y
Four host-coded ‘pathogenesis-related’ proteins accumulate systemically in local- 
lesion-forming varieties o f tobacco after infection with tobacco mosaic virus. It has 
been suggested that they are involved in the acquired systemic resistance o f plants 
to a second inoculation. Pathogenesis-related protein concentration and amount of 
resistance (reduction in size and number o f lesions formed in the second inoculation) 
were measured at various times after the first inoculation. The results showed no 
quantitative or temporal relationship between amounts of resistance and patho­
genesis-related proteins. In particular, resistance could be demonstrated in leaves 
before detectable accumulation o f pathogenesis-related protein. Abscisic acid 
sprayed on plants induced an apparent resistance without inducing pathogenesis- 
related proteins. Low doses o f methyl benzimidazol-2yl-carbamate caused 
accumulation o f pathogenesis-related protein but not resistance. N icotiana g lu tinosa  
plants accumulated large amounts o f a similar protein after infection, but became 
more susceptible to a second inoculation. All these results suggest that the 
pathogenesis-related proteins do not play a central role in the mechanism o f acquired 
systemic resistance.
I N T R O D U C T I O N
When tobacco cultivars containing the N  gene are inoculated with tobacco mosaic virus 
(TMV), the virus is restricted to the local lesions which form around the infection sites 
(Holmes, 1938). I f  half o f a lower leaf is inoculated, the uninoculated half and upper leaves 
become apparently resistant to a subsequent challenge inoculation. This ‘induced’ or ‘acquired 
systemic resistance’ is expressed as a reduction in size and/or number o f lesions formed 
after challenge inoculation (Ross, 19 6 1, 1966; Kassanis et al., 1974 ; van Loon, 1975).
At least four new host-coded proteins are detected systemically after the first inoculation 
(Gianinazzi et al., 19 70 ; van Loon &  van Kammen, 1970 ; Kassanis et al., 1974). They 
are generally absent from healthy plants (van Loon, 1976) and have been referred to as 
‘pathogenesis-related’ proteins (Antoniw et al., 1980). It has been suggested that they may 
be involved in acquired systemic resistance (van Loon &  van Kammen. 19 70 ; van Loon, 
19 75 ; Kassanis et al., 19 74 ; Kassanis &  White, 1974). However, attempts to demonstrate 
a direct antiviral effect do not seem to have been successful (Kassanis et al., 19 74 ; Kassanis 
&  White, 1978).
In this paper I report experiments which tested the involvement o f the pathogenesis- 
related proteins in acquired systemic resistance.
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M E T H O D S
Plants and  viruses. N icotiana tabacum  L. cv. Xanthi-nc and N . g lutinosa  L. were grown 
in 12-5 cm diam. pots of Levington compost. Plants which were treated with methyl 
benzimidazol-2yl-carbamate (M BC) or their untreated controls were grown in John Innes 
no. 2 compost. All plants were kept under natural light in a glasshouse, with a minimum 
temperature o f 16 °C  and a maximum o f 20 to 25 °C .
TM V tomato strain O was multiplied in N. tabacum  cv. Samsun and purified using the 
method o f Gooding &  Hebert (1967). Expanded leaves on 25 cm-tall plants o f cv. Xanthi-nc 
were inoculated by rubbing with a suspension o f TM V  at 1 to 5 p g/ml 50 mM-sodium 
phosphate buffer pH 7. Carborundum was used as abrasive; leaves were washed with water 
after inoculation. There were 10  to 12  leaves per treatment, on 5 or 6 plants. Seven days 
after inoculation, lesions were counted and the diam. o f 60 to 100 lesions per treatment 
measured using a stereoscopic microscope with x20  magnification. Differences in lesion 
size or number between treatments were tested for significance by /-test; lesion numbers 
were first log-transformed using Kleczkowski’s (1949, 1955) transformations.
For measurement o f acquired systemic resistance, plants o f cv. Xanthi-nc or N . glutinosa  
were inoculated on one-half o f each o f two lower leaves (the primary inoculation). Control 
plants were sham-inoculated with buffer and carborundum. At various times afterwards, 
plants were challenge-inoculated on two upper leaves, and on the previously uninoculated 
halves o f the two lower leaves. Acquired systemic resistance was measured as the percentage 
reduction in lesion size or number caused by the primary inoculation with TM V.
Protein extraction and  electrophoresis. For each treatment, leaves were harvested from 
at least five plants. Samples o f 5 g were ground at 0 °C  in 5 ml pH 2-8 buffer (84 mM-citric 
acid; 32 mM-Na2H P 0 4; 14  mM-2-mercaptoethanol) (Antoniw et a!., 1980). The homogenate 
was filtered through muslin and centrifuged at 1000 0  g  for 20 min. A  5 %  amount of 
sucrose (w/v) and a trace of bromophenol blue were added to the supernatant. Samples o f 10 
to 500 //I o f supernatant were fractionated by electrophoresis on 10 %  polyacrylamide gels 
(0-67%  cross-linked), 75 mm long x 6 mm diam., for 5 h at 3 m A per gel constant current. 
Buffers were as described by Davis (1964). After electrophoresis, gels were stained overnight 
in 0 - 1%  P A G E  blue G-90 (BDH) in 40 %  methanol: 10 %  acetic acid, then destained in 
14 %  methanol: 10 %  acetic acid. Destained gels were stored in 7%  acetic acid. Mobilities of 
protein bands (R F) were expressed relative to that o f the bromophenol blue marker. Gels 
were scanned for absorbance at 260 nm in a Joyce Loebl Gel Scanner; P A G E  blue G-90 
has an absorption maximum at this wavelength. The peak area of a protein band was shown 
to be proportional to the weight o f protein in the band by electrophoresis o f different 
amounts o f the same sample. However, intensity o f staining varied from experiment to 
experiment. To allow comparisons between experiments, samples o f a standard extract 
were fractionated with each batch o f gels.
R E S U L T S
Pathogenesis-related proteins
Fig. 1 (a) shows electrophoresis o f proteins from TMV-infected leaves o f cv. Xanthi-nc, 
with an average of 50 lesions per leaf, extracted 6 days after inoculation. The scan shows 
four highly mobile bands which are not visible in proteins extracted from comparable, 
sham-inoculated healthy leaves (Fig. 1 b). The four bands from infected leaves are designated 
P R la , P R lb . P R lc  and PR2 in order of decreasing mobility, and using the nomenclature 
system proposed by Antoniw et al. (1980). The R r  values o f the bands in 10 %  gels were 
0-86, 0-69. 0-59 and 0-53 respectively. These values correspond well with those reported 
by Antoniw et al. (1980). P R la  was by far the most prevalent band.
tía,
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Fig. 1. Polyacrylamide gel electrophoresis of  proteins extracted from healthy and TMV-infected plants 
of  N. tabacum  cv. Xanthi-nc.  (a) From  leaves bearing an average of  50 lesions, 6 days after 
inoculation; (b) from comparable sham-inoculated healthy leaves; (c) from healthy leaves on plants 
sprayed for 14 days with 0-5 mM-ABA; (d) from comparable leaves on control  plants sprayed with 
water;  (e, f )  from young expanding leaves on healthy plants treated respectively with 2 g or 20 mg 
MBC; (g) from comparable leaves on untreated control plants. The gels were loaded with protein 
equivalent to the following fresh wt. of  leaf: (a, b) 50 mg; (c, d) 250 mg; (e , f  g) 100 mg.
Fig. 2. Changes in acquired systemic resistance and concentration of  P R l a  protein with time after 
inoculation with TMV. At day 0, N . tabacum  cv. Xanthi-nc plants were inoculated on one-half o f  each 
o f  two lower leaves; these formed 50 to 100 lesions per half-leaf. Control plants were sham-inoculated.
The concentrat ion of  P R l a  protein in infected (■ --------■) or control (□ ------- p )  plants was measured
in upper  leaves (a) and in the uninoculated half of  lower leaves (b). Acquired systemic resistance 
was measured in upper and lower half-leaves by challenge inoculation at various times and expressed
as the percentage reduction in lesion number ( # -------#  ) or diameter ( O  O )  caused by the primary
inoculation. For  points marked (*) the difference between control and primary inoculated treatments 
was significant at P  =  0-05.
The infected leaf protein extract shown in Fig. 1 (a) was used as the standard for calibration 
of staining intensity in each batch o f gels. The concentration o f P R la  protein in the standard 
was defined as 100 units/g fresh wt. Amounts o f P R la  protein in other extracts were 
expressed relative to this. The limit o f detection was less than 0 -1 unit/g. The four PR  proteins 
were also detected in parts o f infected plants which had not been inoculated and which did 
not develop lesions.
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T im e courses o f  accum ulation o f  pathogenesis-rela ted  proteins and  developm ent o f  acquired
system ic resistance
Fig. 2 shows changes in concentration o f P R  la  in uninoculated parts o f the plant with 
time after inoculation o f one-half o f each o f two lower leaves. Similar changes occurred in 
P R  lb  and PR2 concentration. P R lc  appeared to show similar changes, although the amount 
was generally too low for accurate quantification.
In the uninoculated halves o f lower inoculated leaves. P R  la  became detectable 7 days 
after the primary inoculation. In uninoculated upper leaves PR  la  was first detected 10 days 
after inoculation o f lower leaves. In both cases, the concentration rose to a maximum around 
14 to 17  days after inoculation then declined. This interpretation makes the assumption 
that PR proteins are extracted with the same efficiency as leaves age, an assumption justified 
by the large amounts o f P R  proteins recoverable from leaves o f senescent, flowering healthy 
plants (Fraser, 19 8 1).
Upper leaves, and uninoculated halves o f lower leaves on both TMV-infected and sham- 
inoculated control plants were challenge-inoculated with TM V  at various times after the 
first inoculation. The data for percentage acquired resistance are plotted in Fig. 2 at the time 
o f challenge inoculation. Actual lesion sizes and numbers were recorded 7 days later, but 
differences in lesion size and number between control and ‘resistant’ plants were clearly 
established by 3 days after challenge inoculation. The PR  protein concentration in the 3 days 
after challenge inoculation is, therefore, most relevant when investigating the correlation 
between resistance and PR protein concentration. Control experiments also showed that 
differences in lesion size and number between treatments were maintained subsequent to 
the 7th day after challenge inoculation.
Comparing upper leaves and lower opposite half-leaves, it was clear that the amount of 
resistance induced was generally similar. From 5 to 24 days after primary inoculation, 
resistance measured as reduction in lesion size was about 40%  in upper leaves and 50%  
in lower leaves. But during this period, the concentration o f PR  la  in lower half-leaves 
was around 10 times that in upper leaves.
Within each type o f leaf, there was no clear correlation between amount o f resistance 
(measured as reduction in lesion size) and amount o f P R  protein at various times after 
primary inoculation. In particular, in lower half-leaves, the resistance remained constant from 
5 to 35 days, but P R la  protein concentration varied over a range o f more than 30-fold.
In both types o f leaf, the curve for resistance (measured as reduction in lesion number) 
was more similar in shape to the curve for P R la  protein concentration than was the curve 
for resistance based on lesion size. Flowever, the changes in resistance measured as lesion 
number tended to develop in advance o f the matching changes in P R la  protein concentration, 
especially in upper leaves. In upper leaves, resistance was detectable when leaves were 
challenge-inoculated 5 days after primary inoculation; differences in the size and numbers of 
lesions formed were clearly established by day 9. Flowever, no P R la  protein (or other PR 
protein) could be detected in this experiment until 10 days after the primary inoculation.
As healthy plants age and begin to flower, they begin to accumulate PR  proteins (Fraser,
1981). By 35 days, lower half-leaves on sham-inoculated plants contained similar concentra­
tions o f P R la  to comparable leaves on TMV-infected plants (Fig. 2b). However, the lower 
half-leaves on infected plants still showed significant resistance, measured on a basis o f either 
lesion size or number.
E ffects o f  treatm ent with abscisic acid
Healthy Xanthi-nc plants were sprayed daily with 0-5 mM-c/'s-trans-abscisic acid (ABA) 
for 14 days. Control plants were sprayed with water. After 14 days, proteins were extracted 
from expanded leaves and similar leaves were inoculated with TM V. The scans (Fig. 1 c
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Table 1. No. and  diam . o f  local lesions fo rm e d  on p lan ts inoculated with T M V  after various  
pretreatm ents, and  concentration o f  PR l a  protein at the time o f  inoculation*
Lesion diam. Lesions/leaf P R l a  concn.
Species Pretreatment (mm) or half-leaf (relative units/g)
N. tabacum Control 2-19 + 0-07 221 +41
cv. Xanthi-nc Abscisic acid 1-91 ±0-07+ 66 ± 8 t
N. tabacum Control 2-04 ±0-05 23 ± 6 N D $
cv. Xanthi-nc MBC (2 mg) 2-01 ± 0 -0 8 25 ± 6 ND
MBC (20 mg) 1-96 ± 0 -0 6 2 1 + 7 4-9
MBC (200 mg) 2-12 + 0-06 28 + 5 12-2
MBC (2 g) 1-03 ±0-04+ 4 + 2+ 45-3
N. glutinosa Control 1-27 ± 0-06 60 + 9
Pre-inoculated 1-35 ±  0-05 95 ± 12
* N. tabacum  plants were given various doses o f  MBC 9 and 2 days before inoculation, or were sprayed 
with 0-5 mM-ABA daily for 14 days before inoculation. N . g lutinosa  plants were inoculated on one-half of  
two lower leaves; controls were sham-inoculated.  Seven days later the opposite halves were challenge-inoculated. 
All values are means ±  standard  errors, 
t  Significantly different from the control at P  — 0-05.
$ n d ,  N ot detectable.
and d) show that A B A  treatment did not induce any detectable P R  proteins: no bands were 
seen even in gels very heavily loaded with protein. However, A B A  did cause a 70 %  reduction 
in lesion number and a small, though statistically significant reduction in lesion size (Table 1). 
The reduction in lesion size and number, which was found consistently in replicate experi­
ments, contrasts with previous reports o f an increase in lesion number or size after A B A  
treatment at the same concentration (Balazs et ah, 19 7 3 ; Bailiss et al., 1977). The explanation 
for this apparent discrepancy lies in the different methods used to apply A B A . Balazs et al. 
(1973) and Bailiss et al. (1977) infiltrated leaf discs with A B A  solution. This leads to much 
larger increases in internal A B A  concentration than spraying leaves on intact plants. For 
example, treatment o f leaf discs by infiltration with 50 //m-ABA for 24 h raised internal 
A BA  concentration by around 10  p g /g  (Whenham &  Fraser, 1980), whereas daily spraying 
for 8 days with the same concentration raised internal A B A  concentration by only 60 ng/g 
(Whenham &  Fraser, 19 8 1a ) .
Balazs et al. (19 73) and Bailiss et al. (1977) reported visible damage resembling senescence 
at A B A  concentrations which caused increased lesion number and size; the internal A B A  
concentrations o f their leaf discs were undoubtedly far beyond the normal physiological 
range. In contrast, the A BA-sprayed plants used in this study showed no signs o f damage or 
enhanced senescence, but were slightly darker green than control plants. The increase in 
their internal A B A  concentration was calculated to be around 600 ng/g fresh wt. (Whenham 
& Fraser, 19 8 1a )  which is within the range o f normal physiological concentrations found 
in tobacco leaves (Whenham &  Fraser, 19 8 1 b).
E ffec ts  o f  treatm ent with M B C
Xanthi-nc plants were treated with various doses o f M BC  by watering the pots with a 
suspension o f ‘ Bavistin’ (B A SF  Agrochemicals; 50 %  M BC  by wt.). In each treatment, plants 
received two equal doses at day 0 and day 7. At day 9 proteins were extracted and fraction­
ated. Plants treated with a total o f 2 mg M BC  did not develop detectable PR  protein (Table 
1). Plants receiving 20 or 200 mg M BC showed detectable amounts o f PR  la  (Fig 1 f  
Table 1). The actual amounts o f P R la  induced were comparable to those found in upper 
leaves o f TMV-infected plants showing acquired systemic resistance (Fig. 2 a). The broad 
peak o f protein with a mobility of 0-75 present in both MBC-treated and control leaves
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Fig. 3. Polyacrylamide gel electrophoresis of proteins extracted from healthy and TMV-infected 
N. glutinosa plants, (a) Extracted from uninoculated halves of leaves 7 days after inoculation of 
the opposite halves; (b) from comparable leaves on sham-inoculated control plants. Gels were 
loaded with protein equivalent to 100 mg fresh wt. of leaf.
(Fig. I f  g) was a host protein characteristic o f younger leaves; it disappeared as the leaf 
completed expansion (Fig. 1 b).
The P R  la  protein induced by 200 mg M BC  was partially purified by gel-filtration and 
ion-exchange chromatography (Antoniw et al., 1980) as described earlier (Fraser, 1981) 
and was found to co-migrate with authentic, TMV-induced P R la  protein when fractionated 
by electrophoresis in non-denaturing and denaturing (SD S) gels (data not shown). Thus, there 
can be little doubt that the protein induced by M BC  was the same as the P R la  induced by 
TM V.
M BC  doses of 20 or 200 mg/plant did not induce detectable amounts o f the three minor 
P R  proteins lb, lc  and 2. Plants treated with 2 g M BC  had high concentrations o f P R la  
and also detectable P R lb , lc  and 2 (Table 1, Fig. le). Nine days after the first M BC 
treatment, comparable leaves on further plants were inoculated with T M V ; lesion size and 
number were subsequently measured. Treatment with M BC at up to 200 mg per plant caused 
no significant change in size or number o f lesions, although plants treated with 20 or 200 mg 
M BC  did contain detectable P R la  protein (Table 1). Plants treated with 2 g M BC  formed 
significantly fewer and smaller lesions than the controls. However, 2 g M BC  also caused 
direct phytotoxic effects by 9 days, including reduced growth, yellowing and necrotic spots on 
uninfected plants. The effect on lesion development may, therefore, have been a result of 
this phytotoxicity.
A pathogenesis-rela ted  protein  in N. glutinosa
Leaves on N . glutinosa  plants were inoculated on one-half with TM V  and formed an 
average o f 50 lesions. Seven days later, proteins were extracted from the uninoculated 
halves. Comparable uninoculated halves were challenge-inoculated. Fig. 3 shows that TM V 
infection caused accumulation of very large amounts of a protein with mobility 0-74 in the 
uninoculated half o f the leaf. Van Loon &  van Kammen (1970) also found a band o f similar 
mobility. Fig. 3 shows that the N . glutinosa  protein is similar to the P R  proteins o f N. 
tabacum  in that it is highly soluble at pH 2 '8.
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Table 1 shows that half-leaves opposite previously inoculated halves appeared to form 
more lesions than the controls when challenge-inoculated. In replicate experiments, the 
primary inoculated plants formed 1-2  to 1-7  times as many lesions as the controls. There 
was no difference in lesion size. Upper leaves o f TMV-infected N . giutinosa  plants also 
contained the PR-like protein and formed significantly more lesions after challenge- 
inoculation than control plants; lesion size on upper leaves was unaltered or very slightly 
reduced as a result o f prior inoculation o f lower leaves (Fraser et al., 1979).
D I S C U S S I O N
The four P R  proteins have been shown to occur in leaves which also show acquired 
resistance as a consequence o f localized TM V  infection elsewhere in the plant (Kassanis 
et a i,  19 74 ; van Loon, 19 7 5 ; Rohloff &  Lerch, 1977). Several experimental treatments 
applied to healthy plants will also induce P R  proteins and resistance to TM V. These include 
polyacrylic acid (Gianinazzi &  Kassanis, 1974), acetylsalicylic acid (White, 1979) and plant 
hormones (Antoniw et al., 19 8 1). Thus, the evidence for involvement o f P R  proteins in 
acquired systemic resistance is comprehensive but entirely correlative.
In this paper, P R  protein concentration and amount o f resistance were measured at various 
times after the primary inoculation, to test further the correlation between the proteins and 
resistance. The results suggest that there is not a close quantitative relationship between the 
amount o f P R  protein present and the amount o f acquired systemic resistance. Furthermore, 
examination o f the temporal relationship between changes in P R  protein concentration and 
amounts o f resistance also provided evidence against a role o f the proteins in resistance. In 
particular, resistance could be demonstrated in leaves before detectable accumulation o f PR  
protein occurred.
The second experimental approach was to attempt to induce P R  proteins and resistance 
independently o f each other. A B A  induced an apparent resistance, measured as a reduction in 
lesion number, without inducing detectable P R  proteins. A B A  had, however, only a small 
effect on lesion size. Treatment with low doses o f M BC  induced accumulation o f significant 
amounts o f P R  la  protein without inducing any resistance, although higher, phytotoxic doses 
of M BC induced both proteins and apparent resistance. Finally, N . giutinosa  was shown to 
accumulate large amounts o f a protein similar to the N. tabacum  PR  protein after TM V 
infection. But in N . giutinosa, this protein was associated with an increase in susceptibility 
to infection and not with resistance. Thus, these experiments indicated that it was possible to 
induce PR  protein without resistance and that effects similar to resistance could be induced 
without induction o f P R  protein.
A necessary qualification to the experiments with chemical induction o f P R  proteins or 
apparent resistance is that the mechanisms involved might not be the same as with virus 
as inducer. This does not, however, exclude them as reasonable experimental tests. Are the 
PR proteins therefore involved in acquired systemic resistance? Logically, it is impossible to 
prove the negative statement that PR  proteins are not involved. Any model relating proteins 
to resistance can theoretically be modified to accommodate additional experimental evidence. 
However, the different types o f experimental test described in this paper all suggest that the 
PR proteins are not centrally involved in acquired systemic resistance. This suggestion 
raises two further questions: what is the function o f PR  proteins if not resistance, and, 
what is the mechanism o f the apparent systemic resistance? The wide variety o f factors 
which will induce P R  proteins: viral infection (Gianinazzi et al., 19 70 ; van Loon &  van 
Kammen, 1970); fungal infection (Gianinazzi et a i ,  1980); various chemical treatments 
(Gianinazzi &  Kassanis, 19 74 ; White, 1979 ; Antoniw et a i ,  1980) and flowering o f the 
plant (Fraser, 19 8 1)  suggests that the PR  proteins are some general response to stress 
conditions. The two aspects o f acquired systemic resistance, reduction in lesion size and
number, seem to involve separate mechanisms, as they can apparently operate to some 
extent independently (e.g. Fig. 2, Table 1 and Fraser et al., 1979).
Alteration in lesion number does show an inverse correlation with changes in ABA 
concentration. In N. giutinosa, which shows an increase in lesion number as a result of the 
first inoculation, A B A  concentration in the challenge inoculated leaves is reduced (Fraser 
et al., 1979). In N. tabacum , where lesion number is reduced as a result o f the first inocula­
tion, A B A  concentration o f the challenge-inoculated leaves is increased by the primary 
inoculation (Whenham &  Fraser, 19 8 1 a). The reduction in number o f lesions formed when 
healthy plants were sprayed with A B A  before inoculation is also consistent with this 
correlation. Whether A B A  is the direct cause o f altered lesion formation, or indirectly 
involved through an effect on leaf water status and mechanical susceptibility to inoculation
(Cassells et ah, 1978) remains to be seen.
Reduction in lesion size could involve actual inhibition o f virus multiplication, or merely 
a retardation o f necrotization. Evidence that virus multiplication is reduced in acquired 
systemic resistance is conflicting (Ross, 1966; van Loon &  Dijkstra, 19 76 ; Balazs et al.,
19 7 7 ; Fraser, 1979) and the topic requires further study.
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Effects of temperature on the Tm-1 gene for resistance to 
tobacco mosaic virus in tomato
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In tomato plants grown at constant temperatures from 20 to 35 °C, the Tm-1 resistance 
gene was completely effective in suppressing symptom formation by tobacco mosaic virus 
(TMV) strain 0. In contrast, inhibition of virus multiplication by the gene was strongly 
temperature-dependent; in plants heterozygous for Tm-1 it was over 95% at 20 °C but only 
20% at 33 °C. Although TM V multiplication in both susceptible and resistant plants was 
reduced at very high growth temperatures, it is suggested that this general effect of tempera­
ture is distinct from its specific effect on Tm-1 controlled inhibition of virus multiplication.
TM V  strain 1 caused symptoms on Tm-1 plants; the higher the temperature, the more 
severe the symptoms. Strain 1 multiplication in both susceptible and resistant plants was 
much more temperature sensitive than was strain 0 multiplication and this tended to obscure 
the effects of temperature on the action of the Tm-1 gene with respect to strain 1 multiplica­
tion. However, the results indicate that strain 1 multiplication is inhibited by Tm-1 at 25 °C 
but not at 33 °C.
Experiments in which Tm-1 plants infected with strain 0 were transferred from high to 
low temperature suggested that the anti-multiplication activity of Tm-1 was quickly restored 
at the lower temperature. Under this femperature regime, strain 0 did overcome the symptom 
suppression function of the gene.
IN T R O D U C T IO N
In  tomatoes, the Tm -1  gene confers resistance to common (strain 0) isolates of 
tobacco mosaic virus (T M V ) [3, 12, 13]. U nder normal glasshouse conditions, the 
formation o f mosaic symptoms is com pletely suppressed in both heterozygous 
( Tm-1¡ + ) and homozygous ( T m -l/T m -1 ) hosts. T M V  multiplication is inhibited 
by about 70%  in 7m -2 /+  plants and between 90 and 95%  in T m -l/T m -1  plants 
[ J ] .  T M V  strain 1 [13] causes symptoms on plants containing the Tm -1  gene, but 
under glasshouse conditions does not completely overcome the inhibitory effects of 
the gene on m ultiplication [5].
Tem perature has been reported to influence the effects o f several genes for 
resistance to T M V . In  tobacco, the N  gene causes restriction o f virus to necrotic 
local lesions at norm al temperatures, but permits systemic spread at 35 °G  [11]. 
Tom ato plants with the T m -2  or T m -2 2 genes for T M V  resistance are either com­
pletely symptomless, or display only slight local necrosis, after inoculation with 
strain 0 at norm al temperatures. A t elevated temperatures, severe systemic necrotic 
reactions have been reported [2, 13-15], Most studies o f the effects o f temperature 
on resistance gene action have concentrated on symptoms while effects on virus 
m ultiplication have received little or no attention.
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The tem perature sensitivity o f the activity o f the Tm -1  gene has not been studied 
in any detail. In  this paper we report an investigation o f the effects o f temperature 
on its two functions, symptom suppression and inhibition o f virus multiplication.
M A T E R IA L S  A N D  M E T H O D S
Plants and viruses
Near-isogenic lines o f tomato (Lycopersicon esculentum M ill. cv. Craigella) were obtained 
from D r T . J .  H all, Glasshouse Crops Research Institute, Littleham pton, Sussex, 
U .K . Line G C R  26 is susceptible ( +  / +  ) ; J  484 heterozygous and G C R  237 homo­
zygous for Tm-1. Plants were grown in Levington U niversal compost in 12-5 cm 
diameter pots, in a glasshouse with a 15  °C  night and 20 to 25 °C  day tem perature 
regime.
For controlled tem perature experiments, plants were grown in Fisons controlled 
environment cabinets at constant temperatures between 20 and 35 °C . Daylength 
was 14  h, and irradiance 50 W  m -2 .
T M V  tomato strains 0 and 1 (G C R I isolates; [13]) were multiplied in tobacco 
(Nicotiana tabacum L . cv. Samsun) and purified by polyethylene glycol precipitations 
[(?]. Tom ato plants 10  to 20 cm tall were inoculated on two expanded leaves by 
rubbing with a suspension o f 10  jig T M V  m l- 1  50 mM sodium phosphate buffer, 
pH  7. Carborundum  (400-mesh) was used as an abrasive and leaves were washed 
with running water im m ediately after inoculation.
Symptom scoring
T o eliminate subjective bias, plants were scored “ blind”  for symptom severity, i.e. 
without the observer knowing host genotype or treatment. Sym ptom  severity was 
expressed on the scale :
0 symptom free
1 trace o f systemic mosaic
2 well developed mosaic, with mottling o f young leaves
3 severe mosaic with stunting and distortion o f upper parts
4 as 3, but with small areas o f lea f necrosis (norm ally less than 10 %  o f total 
lea f area)
5 extensive or complete necrosis; plants dead.
G rade 3 symptoms were typically the most severe found under glasshouse conditions.
Measurement o f  T M V  R N A
A t each sam pling time, leaflets were taken from the inoculated leaves, and separately 
from upper leaves which had become infected by systemic spread o f virus. Generally 
at least 4 to 6 plants were sampled for each treatment. M idribs were removed and 
the laminas roughly chopped and mixed. Nucleic acids were extracted from  3 or 
more replicate subsamples for each treatment [7] and fractionated by electrophoresis 
on 2 - 1 %  polyacrylam ide gels [10] at 8 V  c m - 1 ; 5 m A  g e l- 1  for 4 h. T M V  R N A  
concentration per g fresh wt was calculated from the peak area o f the T M V  R N A  
on the ultraviolet absorption scan o f each gel [4],
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RESULTS
Effects o f  T m -1 on T A iV  strain 0 at different temperatures
In  susceptible plants, the severity o f mosaic symptoms produced by T M V  strain 0 
increased with tem perature [Fig. 1(a )], A t 35 °C , m any plants were killed by the 
virus within 2 weeks o f inoculation. A t 33 °C , most plants developed slight necrosis 
within 2 or 3 weeks o f inoculation; some were ultim ately killed. Inoculated plants 
heterozygous or homozygous for the Tm -1  gene did not develop mosaic symptoms 
at any tem perature tested. V isually, infected Tm -1  plants resembled healthy plants 
grown at the same temperature.
F i g . 1. Symptom severity and TM V RNA accumulation in tomato plants of different 
resistance genotypes, grown at different temperatures, and inoculated with TM V strain 0. 
Plants were grown at the indicated temperatures for 8 days before, and after inoculation. 
Symptoms were assessed and nucleic acids extracted 19 days after inoculation, (a) Mean 
symptom scores in (#) + / + ,  ( a ) Tm-1¡ +  and (■) Tm-l/Tm-1 plants. (O) TM V RNA 
concentration in systemically-infected leaves of + / +  plants. Values are means i  standard 
errors of 4 replicate determinations, (b) TM V  RNA accumulation in systemically-infected 
leaves of ( a ) Tm-l¡-\- and (□) Tm-1 ¡Tm-1 plants. Results are expressed as a percentage of the 
TM V RNA accumulation in comparable leaves of + / +  plants grown at the same tempera­
ture.
T M V  m ultiplication was followed by measuring the accum ulation o f T M V  R N A . 
T he accum ulation o f strain 0 R N A  in +  / +  plants was tem perature dependent 
[Fig. 1(a )]. It increased with tem perature from 20 to 29 °C , then was lower at 
33 °C . Sim ilar effects were found in directly inoculated and system ically infected 
leaves. Figure 2 shows time courses o f symptom development and R N A  accum ula­
tion in + / +  plants grown at 29 and 33 °G. A t 33 °C , small areas o f lea f necrosis 
were first visible (symptom score 4) 15  to 20 days after inoculation. However, the 
rate o f R N A  accum ulation at 33 CC was lower than at 29 °C  right from the time o f 
inoculation. We conclude that the lower accum ulation o f R N A  at high tem perature 
in +  / +  plants was therefore a direct inhibitory effect o f temperature on T M V  
multiplication, and not an indirect consequence o f necrosis.
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F ig . 2. Time courses of (a) symptom development and (b) TM V  RNA accumulation in 
+  /+  plants inoculated with TM V strain 0. Plants were grown at 29 °C (O , □ ) or 3 3  °C 
( • ,  ■) for 8 days before, and after inoculation.
In  order to disentangle the effects o f tem perature on T M V  m ultiplication from 
those o f the Tm-1  gene, the amounts o f R N A  accum ulated in Tm -1  hosts have been 
expressed as percentages o f the amounts accum ulated in com parable leaves o f the 
+  / +  host grown at the same temperature. Figure 1(b) shows that at 20 °C , resis­
tance was highly effective, giving more than 95%  inhibition o f R N A  accum ulation 
in both Tm -1  hosts. The inhibition o f R N A  accum ulation in Tm-11 +  plants de­
creased with increasing growth temperature, until at 33 °C , the resistance gene had
little  effect on  accu m u la tio n . C onverted  to  abso lu te  values, the  d a ta  o f  Fig. 1(a) 
show  th a t  th e  am o u n t o f  R N A  accu m u la ted  in  T m -1 /+  p lan ts  a t  33 °C (65 pg g -1) 
was g rea te r  th a n  a t  24 °C (27 pg  g -1) o r 20 °C (6 pg g _1).
Tm-11 Tm -1  p lan ts  also show ed decreasing  in h ib itio n  o f T M V  R N A  ac cu m u la ­
tion w ith  increasing  te m p era tu re , b u t the  in h ib itio n  w as g rea te r th a n  in  T m -1/ + 
p lan ts  a t  all tem p era tu res . T h is  confirm s o u r ea rlie r suggestion th a t  in h ib itio n  of 
T M V  stra in  0 m u ltip lica tio n  is Tm -1  gene dosage-dependen t [5],
Effects o f  Tm -1 on T M V  strain 1 at different temperatures
In  susceptib le p lan ts , th e  severity  o f  sym ptom s p ro d u ced  by s tra in  1 increased  w ith  
te m p era tu re  (T ab le  1). I n  th is respect, s tra in  0 a n d  s tra in  1 behaved  sim ilarly  in  
+  / +  p lan ts. S tra in  1 also caused sym ptom s o f  Tm-1 /T m -1  p lan ts, b u t these w ere 
no t as severe as those caused on + / +  p lan ts . In  p a rtic u la r, only  very  m ild  sym ptom s 
w ere no ted  on Tm-1 ¡Tm -1  p lan ts  g row n a t  a  constan t 2 0 °C.
T a b l e  1
Accumulation of TM V RNA, and severity of mosaic symptoms caused by TM V strain 1, in tomato 
plants of different resistance genotypes grown at different temperatures
TM V RNA concentration“
Mean symptom score (pg g - 1  fresh wt)
Host genotype: + / +  Tm-ljTm-1 + / +  Tm-l/Tm-1
Temperature (°C)
T em p e ra tu re  and  T m -1  g ene  a c t iv ity  11 3
20 2-0 0-2 c c
2 5  3-0 2-2 2 6 7 ± 1 3 1’ 6 4 ± 8
3 3  4-9 3-3 1 4 ± 2  1 6 ± 3
“ Measured in systemically-infected leaves 19 days after inoculation. Similar results were 
obtained for directly-inoculated leaves. 
b Means ¿standard errors of 6 replicate determinations. 
c Not determined.
A t 25 °C, s tra in  1 m u ltip lied  to  h igh  concen tra tions in  + / +  p lan ts , b u t  its 
m u ltip lica tion  in  T m -l/T m -1  p lan ts  was in h ib ited  by  a b o u t 75% . T h is  confirm s 
ou r p revious find ing  th a t  th is iso late o f  s tra in  1 does n o t com pletely  overcom e the 
in h ib ito ry  effect o f the  Tm-1  gene on  v irus m u ltip lic a tio n  u n d e r n o rm al conditions [d]. 
A t 33 °C, s tra in  1 m u ltip lica tio n  in  + / +  p lan ts  w as very  low, a t ta in in g  only  
5%  o f the  T M V  R N A  co n cen tra tio n  reach ed  a t  25 °C. T h u s, its m u ltip lic a tio n  
was m u c h  m ore strongly  in h ib ited  by  the  effects o f h ig h  te m p era tu re  th a n  was 
stra in  0, w h ich  a t  33 °C reach ed  57%  o f its co n cen tra tio n  a t  24 °C. By exam in ing  
a series o f T M V  m u ta n ts , Jo ck u sch  [9] estab lished  a  strong  co rre la tion  betw een  
tem pera tu re -sensitiv ity  o f  the  coa t p ro te in  subun it, a n d  in ab ility  to  m u ltip ly  in 
p lan ts  g row n a t  h ig h  te m p era tu re . T em pera tu re-sensitive  coa t p ro te in  subun its  are 
d en a tu red  in vivo an d  m u ch  o f  the  T M V  R N A  w hich  is synthesized is d eg ra d ed  
because it is n o t encapsidated . O u r  s tra in  1 isolate has tem peratu re-sensitive  coat 
p ro te in  subun its , w ith  a  h a lf  life o f  d e n a tu ra tio n  a t  32 °C o f  47 m in , com pared  w ith  
over 8 h  for s tra in  0 co a t p ro te in  (unpub lished  results). T h is  is, therefore, a likely 
ex p lan a tio n  for the  low  m u ltip lica tio n  o f  s tra in  1 a t  33 °C.
In  T m -l/T m -1  p lan ts  a t  33 °C, s tra in  1 accu m u la ted  to  alm ost the  sam e concen ­
tra tio n  as in  + / +  p lan ts  a n d  a n  ea rlie r sam pling  a t  14 days, before necrosis h ad  
ap p e a red  on + / +  p lan ts, also show ed equa l co n cen tra tio n s in  the  tw o genotypes. 
T h u s, a lth o u g h  th e  d irec t an d  strongly  in h ib ito ry  effect o f  h ig h  te m p e ra tu re  on 
s tra in  1 m u ltip lica tio n  m akes in te rp re ta tio n  difficult, th e  d a ta  a re  n o t inconsisten t 
w ith  the hypothesis th a t  s tra in  1 can  overcom e the  in h ib ito ry  effects o f  th e  Tm-1  
gene on m u ltip lica tio n  a t h igh  tem p era tu re .
Temperature shift experiments
T o  test how  quickly  th e  in h ib itio n  o f T M V  m u ltip lica tio n  by  Tm -1  cou ld  be resto red , 
p lan ts  w ere g row n a t  33 °G for 7 days before, an d  th e n  for 8 days afte r in o cu la tio n  
w ith  s tra in  0, to  allow  virus accum ula tion . T h ey  w ere th e n  shifted to  23 °G w here  
in h ib itio n  o f T M V  R N A  accu m u la tio n  w ould  be expected  in  Tm-1  p lan ts. F igu re  3 
shows th a t b o th  in  susceptib le p lan ts , an d  in  p lan ts  w ith  the  2 resistance genotypes, 
there w as a rap id  fall in  R N A  co n c en tra tio n  im m ed ia te ly  a fte r transfer to  the  low er 
tem p era tu re . T h is  w as n o t du e  to a  ra p id  u p tak e  o f  w a te r on  shifting  to  23 °G since, 
in  a  typ ical experim en t, d ry  w eight on ly  fell from  16 to  15%  o f fresh w eigh t in  the  
2 days afte r transfer. N or was the re  sufficient le a f  g row th  in  these 2 days to  exp lain  
the  red u c tio n  in  R N A  co n cen tra tio n . T h e  conclusion  therefo re m u st be th a t  in
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Days after inoculation
F i g .  3. Changes in TM V  RNA concentration in tomato plants of different resistance 
genotypes. Plants were grown at 33 °G for 7 days before and 8 days after inoculation with 
TM V strain 0. At day 8, indicated by the arrow, plants were transferred to 23 °C for the 
remainder of the experiment. O, Genotype + / + ;  A ,  genotype Tm-1/+; □ , genotype 
Tm-1 ITm-1. To allow comparison of results from different hosts, values for each host are 
expressed relative to a value of 100 units at day 8. Absolute concentration of TM V  RNA 
(pg g- 1  fresh wt) at day 8 were: + /  +  , 71 ± 6 ; Tm-lj-\~, 91 i 8 ; Tm-l/Tm-1, 11^ 2. Points 
are means of 4 to 8 replicate determinations. Vertical bars indicate the least significant 
difference (P = 0-05) between points for each host
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b o th  susceptib le a n d  resis tan t hosts, som e o f  th e  R N A  previously  m ad e  a t  33 °G 
was d eg ra d ed  on  transfer to  th e  low er tem p era tu re . A lthough  T M V  is n o rm ally  
considered  to  be a n  ex trem ely  stab le  virus, i t  is possible th a t som e o f  th e  v irus m ade  
a t  the  h ig h  te m p e ra tu re  w as defective an d  unstab le .
In  + / +  hosts, n e t T M V  R N A  ac cu m u la tio n  w as quickly  restored  an d  con tin u ed  
a t  a h igh  ra te  for several days, w hile in  Tm-1 ¡Tm -1  p lan ts, th e re  was a  con tin u ed  n e t 
loss o f  R N A  for the  rem a in d e r o f  the  experim en t. In  T m -1 /+  p lan ts , afte r the  in itia l 
decrease in  R N A  co n c en tra tio n  on shifting  to  th e  low er te m p era tu re , th e re  was a 
slight increase for th e  rem a in d e r o f the  experim en t.
A  su rp rising  fea tu re  o f  these te m p era tu re  shift experim en ts was th a t  Tm-1  
p lan ts  in fected  w ith  s tra in  0 d id  develop m osaic sym ptom s w hen  transfe rred  to  the  
low er te m p era tu re . S ym ptom  expression w as, how ever, transito ry , as afte r fu rth e r  
tim e a t  23 °C, th e  p lan ts  increasing ly  p ro d u ced  sym ptom -free leaves, w ith  conse­
q u e n t red u c tio n  in  m e an  sym ptom  score (Fig. 4).
W h en  leaves o f  T m -ljT m -1  p lan ts , show ing m osaic sym ptom s afte r transfer to  
23 °C, w ere used to  inocu la te  fu rth e r  Tm -1  p lan ts  w hich  w ere th e n  k ep t a t 23 °C, 
th e  la tte r  p lan ts  developed  no m osaic sym ptom s. T h u s  th e  m osaic sym ptom s 
developed  by the  p lan ts  shifted from  33 to  23 °G w ere n o t caused by  s tra in  1 
m u ta n ts  arising  d u rin g  the  h igh  te m p era tu re  g row th  period .
F ig . 4. Changes in mean symptom score in tomato plants of two genotypes grown under 
different temperature regimes. O, • ,  Genotype + / + ;  □ , ■ , genotype Tm-l/Tm-l. All 
plants were kept at 33 °C for 7 days before inoculation with TM V strain 0. (# , ■) Plants 
kept at 33 °C after inoculation, (o , □ )  plants kept at 33 °C for 5 days after inoculation, then 




In  this p a p e r  we have show n th a t the  severity  o f sym ptom s fo rm ed  by T M V  s tra in  1 
on Tm -1  p lan ts  w as h igh ly  tem p era tu re -d e p en d e n t, w ith  q u ite  severe sym ptom s 
develop ing  a t  h igh  tem p era tu re s  b u t very  m ild  sym ptom s a t low  te m p era tu re . T h is 
is consistent w ith  the  results o f  C iru lli & C iccarese [2], w ho tested  the  ab ility  o f  a  
n u m b e r o f T M V  isolates to  cause sym ptom s on  Tm -1  p lan ts , a n d  found  th a t th e  
percen tag e  o f v iru len t isolates increased  w ith  tem p era tu re .
T h e  Tm -1  gene com pletely  p rev en ted  the  fo rm atio n  o f  m osaic sym ptom s by 
T M V  stra in  0 a t all tem p era tu re s  tested, an d  w as thus te m p era tu re -in d ep en d e n t in  
its ac tion . In  con trast, in h ib itio n  o f m u ltip lica tio n  o f s tra in  0 an d  1 by  Tm -1  w as 
strongly  te m p era tu re -d e p en d e n t, decreasing  w ith  increasing  te m p era tu re . A ny 
hypothesis a b o u t the m ech an ism  o f  ac tio n  o f  Tm -1  w ill have to  exp la in  th is a p p a re n t 
ind ep en d en ce  o f the  effects o f the gene on sym ptom s a n d  m u ltip lica tion .
W h en  Tm -1  p lan ts  infected  w ith  s tra in  0 w ere tran sfe rred  from  a  h ig h  te m p e ra ­
tu re , p e rm ittin g  v irus m u ltip lica tio n , to  a low er te m p e ra tu re  w here Tm -1  inh ib its  
m u ltip lica tio n , the results in d ica ted  a  ra p id  resto ra tio n  o f  th e  in h ib ito ry  activ ity . 
T h is  m ay  have rep resen ted  ra p id  synthesis o f  new  Tm -1  p ro d u c t, o r m ere ly  a  resu m p ­
tio n  o f  ac tiv ity  by Tm-1  p ro d u c t previously  p resen t b u t inactive  a t  33 °C.
T h e  con tin u ed  loss o f  T M V  R N A  co n c en tra tio n  in  T m - l /T m - l  p lan ts  afte r 
transfer to 23 CG w as n o t necessarily  du e  to  th e  ac tiv ity  o f  a  Tm -1  p ro d u c t causing  
d e g ra d a tio n  o f  existing virus, since n e t d e g ra d a tio n  o f  T M V  R N A  w as also found  in  
+  / +  p lan ts  im m ed ia te ly  afte r transfer. H ow ever, a n  ac tiv ity  o f the  Tm -1  p ro d u c t 
in  d eg ra d a tio n  o f existing v irus o r T M V  R N A  c a n n o t be excluded.
T h e  tran sito ry  phase o f  m osaic sym ptom s caused on Tm -1  p lan ts  afte r transfe r to 
23 °C m ay  have been  caused by  the  d eg ra d a tio n  p ro d u cts  from  v irus destroyed  
afte r transfer. T h is resu lt does show  th a t  in  u nusua l circum stances, i t  is possible for 
T M V  s tra in  0 to  overcom e the  sym ptom  suppression function  o f  th e  Tm-1  gene.
W e th a n k  D r T im  H all, G lasshouse C rops R esearch  In s titu te , for useful discussions 
an d  for to m a to  seeds o f isogenic lines an d  virus strains.
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Does Tobacco Mosaic Virus RNA Contain Cytokinins?
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Tobacco mosaic virus was previously reported to contain between 5 and 17 modified 
nucleosides with cytokinin activity per RNA molecule. Using a new and highly sensitive 
method for gas chromatography of permethylated cytokinins, we were unable to detect 
cytokinins in enzymic or alkaline digests of TMV RNA. The method was sensitive enough 
to assay 1 cytokinin nucleoside per 10 TMV RNA molecules. Soybean callus bioassay also 
failed to detect activity in TMV RNA hydrolysates which corresponded to any of the 
cytokinin nucleosides known to occur in RNA. We therefore suggest that TMV RNA does
not contain cytokinin nucleosides.
The cytokinins, N6-substituted deriva­
tives of adenine, are plant hormones im­
portant in control of growth, morphogen­
esis, and senescence (1, 2). They are also 
minor constituents of specific transfer 
RNAs from a wide range of organisms (3, 
It). Recently, they have been reported in 
tobacco mosaic virus (TMV) RNA (5, 6). 
Bioassay of enzymically hydrolysed TMV 
RNA revealed eight fractions with 
cytokinin-like activity, including peaks 
tentatively identified as zeatin and isopen- 
tenyl adenine, and their respective de­
rivatives. Quantitatively, the total cyto­
kinin activity was approximately 5 to 17 
residues per TMV RNA molecule (6). The 
biological significance of these cytokinin 
nucleosides, and their relationship to virus 
multiplication and pathogenesis are not 
known. We report here a reexamination 
of the cytokinin nucleosides in TMV RNA 
using a newly developed gas chrom ato­
graphic assay which is highly sensitive 
and quantitative.
TMV stra in  U1 was multiplied in Ni- 
cotiana tabacum L. cv. Samsun and puri­
fied by polyethylene glycol precipitations 
(7). TMV RNA was extracted from puri­
fied virus by a detergent/phenol procedure 
and further purified by successive repre­
1 To whom reprint requests should be addressed.
cipitations (S) before dialysis against 
water. Electrophoresis of the purified TMV 
RNA showed a single peak of molecular 
weight 2 X 106, with no detectable traces 
of other components.
For enzymic hydrolysis to nucleosides, 
50 mg TMV RNA in 50 ml of 10 m M  T ris- 
HC1, pH 7.8, was treated with 10 /¿g/ml 
pancreatic ribonuclease for 20 h r a t 37°. 
The digest was adjusted to pH 8.4 and 10 
mM  MgCl2, and treated with 2 pg/m \ al­
kaline phosphatase for 8 hr. Snake venom 
phosphodiesterase was then added to 0.15 
Mg/ml. After a further 16 hr, the digest 
was heated to 60° for 30 min, then ad­
justed to pH 7.8. Nucleosides were ex­
tracted by partitioning five times with 
equal volumes of w ater-saturated -re-bu­
tanol. Butanol extracts were reduced to 
dryness and redissolved in a small volume 
of 80% methanol for paper chromatog­
raphy.
In a separate experiment, 50 mg TMV 
RNA was hydrolysed to nucleotides by 
treatm ent with 4 ml of 1 M  NaOH for 4 
days a t 20°. After diluting to 50 ml and 
adjusting the pH to 8.4, the digest was 
treated with alkaline phosphatase in the 
presence of 10 mM  MgCl2 as above, to give 
nucleosides which were partitioned with 
butanol.
Enzymic or alkaline hydrolysates of 
TMV RNA were purified by chromatog-
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C opyright © 1982 by Academ ic P ress, Inc.
All r ig h ts  of rep roduction  in any  fo rm  reserved.
264 SHORT COM M UNICATIONS
2 0  16 12 8  4  0  2 0  16 12 8  4  0  2 0  16  12 8  4  0
R eten tion  tim e (m in)
FIG. 1. Gas chromatograms of permethyl derivatives of cytokinin standards and hydrolysed TMV 
RNA. (a) 0.5 nmol of each cytokinin standard, (b) One-fiftieth of a sample containing 25 nmol of 
each of a series of cytokinins, which was alkali hydrolysed and chromatographed as explained in 
the text, (c) One-fiftieth of a sample of 50 mg TMV RNA after alkaline hydrolysis. The arrow 
indicates the calculated retention time of ms2io6Ado. Abbreviations used: i6 = N6-isopentenyl; io6 
= 6-(4-hydroxy-3-methylbut-2-enyl)-; c and t = cis and trans isomers; ms2 = 2-methylthio-; Ade
= adenine; Ado = adenosine; bz6 = 6-benzyl. (Thi 
bz6Ade = benzyladenine, the internal standard.)
raphy on prewashed 3MM paper devel­
oped with ^-butanol/concentrated ammo­
nium hydroxide/water (86/5/14, v/v). This 
chromatographic system completely sep­
arates the cytokinins known to occur in 
tRNA or reported in TMV RNA (Rf  s be­
tween 0.6 and 0.9) from the four major 
RNA nucleosides (Rf s between 0 and 0.3). 
R f zones 0.5 to 1.0 were eluted with 80% 
methanol and eluates fu rther purified by 
thin-layer chromatography on silica gel 
plates developed with dichlorom ethane/ 
methanol (85/15, v/v). Zones on chro­
matograms with mobilities corresponding 
to those of known cytokinin standards 
were eluted with methanol and dried in 
vacuo over phosphorus pentoxide.
Cytokinins were measured by gas chro­
m atography using an alkali flame ionisa-
io6Ade = zeatin; io6Ado = zeatin riboside; and
tion detector which is selective for 
nitrogen-containing compounds. Volatile 
derivatives of cytokinins suitable for gas 
chromatography were prepared by per- 
methylation of extracts with dimethylsul- 
phinyl carbanion in dimethyl sulphoxide 
(9, 10). Benzyladenine was used as internal 
standard. The perm ethyl cytokinins were 
separated on a 2-m X 3-mm i.d. glass col­
umn of 1% OV-17/Gas Chrom Q, 100-120 
mesh, tem perature programmed from 220 
to 300° a t 5°/m in. The detector was cali­
brated by chrom atography of known 
amounts of individual perm ethyl cytoki­
nin standards prepared under the same 
conditions. The different cytokinins are 
referred to by the abbreviated nomencla­
ture of Skoog and Schmitz (1) as described 
in the Legend to Fig. 1.
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All the cytokinins tested were clearly 
separated on the column: perm ethyl cy- 
tokinin bases eluted with retention times 
between 2 and 10 min, and the correspond­
ing ribosides between 10 and 17 min (Fig. 
la). Adenine and adenosine were present 
as trace contam inants in the cytokinin 
standards. Standard ms2io6Ado was not 
available; an approximate retention time 
of 18 to 19 min for this compound was cal­
culated by comparison with the other cy­
tokinins. cis and trans isomers of io6Ade 
and its derivatives had very sim ilar reten­
tion times (Fig. la). The detection limit 
for individual cytokinins, based on a peak 
height twice background, was 1 ng.
Mixtures of cytokinin standards (25 
nmol each of i6Ado; ms2i6Ado; t-io6Ado; 
and the corresponding free bases together 
with ms2io6Ade) were subjected to the 
same hydrolytic, partitioning, and chro­
matographic procedures as used for TMV 
RNA. Twenty-five nanomoles is equivalent 
to one cytokinin residue per TMV RNA 
molecule in a reaction m ixture containing 
50 mg TMV RNA. Gas chrom atograms of 
the cytokinin standards were very sim ilar 
before and after alkaline (Figs. la , b) or 
enzymic hydrolysis (not shown). Overall 
recoveries of i6Ado, io6Ado, and ms2i6Ado 
were 43, 48, and 40%, respectively; recov­
eries of the cytokinin bases were ra ther 
higher. These losses during treatm ent are 
normal for procedures of this type, and 
were probably due to physical factors such 
as incomplete elution from chrom ato­
grams and handling losses. We conclude 
tha t the cytokinin standards were sub­
stantially unaltered by the hydrolysis and 
purification procedures.
Gas chrom atograms of alkaline hydro­
lysates of TMV RNA showed a large peak 
due to the internal standard permethyl 
benzyladenine (Fig. lc). No peak was found 
in this region when the internal standard 
was omitted. No peaks with retention 
times corresponding to any of the cyto­
kinin nucleosides were present above the 
detection lim it of 1 ng. The small peaks 
on chromatograms, which had retention 
times different from cytokinin standards, 
were impurities eluting from the chro­
matography paper. A small peak with the 
same retention time as perm ethyl t-io6Ade
did not cochromatograph with authentic 
permethyl t-io6Ade on fu rther thin-layer 
purification. It, and also the later eluting 
peak at 17.5 min, were identified as con­
tam inants present in the perm ethylation 
reaction mixture.
Figure lc  therefore suggests th a t cyto­
kinin nucleosides do not occur in TMV 
RNA. A sim ilar conclusion was reached 
when enzymically hydrolysed TMV RNA 
was analysed. It should be noted th a t the 
range of standard cytokinins fractionated 
by gas chromatography included all those 
previously tentatively identified in TMV 
RNA (6) as well as all those known in 
transfer RNA (3, It). The sensitivity of the 
method would have allowed detection of 
fewer than 1 cytokinin nucleoside per 10 
TMV RNA molecules.
The failure to detect cytokinins in TMV 
RNA was most unlikely to have been due 
to incomplete hydrolysis of TMV RNA. As 
a control, wheat germ tRNA was hydro­
lysed under the same conditions. Gas chro­
matograms showed c-io6Ado together with 
much smaller amounts of ms2io6Ado, i6Ado, 
and ms2i6Ado, the cytokinins previously 
reported in this RNA (11, 12). It is also 
unlikely th a t the cytokinin nucleosides 
were degraded during phenol extraction 
of TMV RNA. W heat germ tRNA cytoki­
nins are fully stable to phenol extraction 
(11), and phenol-extracted TMV RNA was 
used in the original investigations of its 
cytokinin content (5, 6).
To confirm our results with gas chro­
matography, paper chromatograms of en­
zymic and alkaline hydrolysates of TMV 
RNA were also bioassayed using the soy­
bean callus assay (13). No cytokinin activ­
ity was present on chromatograms at Rf  s 
corresponding to those of the cytokinin 
standards (Fig. 2). The grow th-stim ulat­
ing activity a t R f 0.2-0.3 did not corre­
spond to any known cytokinin nucleoside, 
and possibly resulted from the very high 
concentration of the major RNA nucleo­
sides present in this region of the chro­
matogram.
Quantitative measurement of cytokinin 
activity by bioassay is difficult, as differ­
ent cytokinins have different bioactivities 
(14). The bioassay is also less sensitive 
than gas chromatography; the detection
266 SH O RT COM M UNICATIONS
Fig. 2. Bioassay for cytokinin activity in (a) al­
kaline and (b) enzymic hydrolysates of 2.5-mg sam­
ples of TMV RNA. Callus cultures were grown on 30 
ml nutrient agar in the dark at 25°. Callus growth, 
compared to blank paper controls, was measured 30 
days later. Rf values of cytokinin nucleoside stan­
dards in this chromatographic system were i6Ado: 
0.80; c and t-io6Ado: 0.64; ms2i6Ado: 0.80; the bar in­
dicates an approximate Rf  calculated for ms2io6Ado. 
The histograms indicate callus growth in reference 
flasks to which known amounts of io'A.do standard 
were added.
lim it for t-iohAdo was approximately 20- 
50 ng. From the data in Fig. 2, it can be 
calculated th a t bioassay would have de­
tected fewer than one cytokinin nucleoside 
per approximately three molecules of TMV 
RNA. Bioassay thus qualitatively con­
firmed the results obtained by gas chro­
matography.
Our results cannot exclude the possible 
presence of very low levels of cytokinin 
nucleosides in TMV RNA, less than 1 per 
10 TMV RNA molecules. However, the bi­
ological significance of such a low level 
would be questionable.
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ABSTRACT
Virus infection can severely inhibit plant growth and distort 
development. This article reviews changes in plant growth regulator 
metabolism caused by infection. In general, virus infection 
decreases auxin and gibberellin concentrations and increases 
abscisic acid concentration. Ethylene production is stimulated in 
necrotic or chlorotic reactions to infection, but not where the 
virus spreads systemically without necrosis. While these broad trends 
are true for most host-virus combinations studied, several situations 
are recorded where the virus had other effects on growth substance 
concentration. Cytokinin changes do not show any common pattern: both 
increases and decreases after infection have been reported.
The extent to which virus-induced changes in growth substance 
concentration could be responsible for observed alterations in host 
growth and development is discussed. While changes in abscisic acid, 
gibberellin and ethylene production seem potentially important, the 
experimental evidence does not provide conclusive proof for control 
of growth by these changes.
The numerous investigations of effects of exogenous regulators on 
virus multiplication and pathogenesis are reviewed. Bifferent regulators, 
or the same regulator applied at different times or concentrations 
had very diverse effects, and in some cases did significantly 
alter virus multiplication and pathogenesis. However, such studies 
seem to have yielded disappointingly little understanding of the 
biochemistry of host-virus interaction, and the possible involvement 
of growth substances in this.
Possible uses of plant growth regulators in chemotherapy of virus
disease, and their possible involvement in natural or induced resistance 
mechanisms are discussed.
INTRODUCTION
Viruses can cause serious inhibition of plant growth and loss of 
yield (21, 51» 90)» Developmental processes may also be deranged, 
giving rise to distorted plants or bizarre growth forms such as 
tumours and phyllody (60, 75, 90). These alterations in host growth 
might be controlled in part by virus-induced alterations in growth 
regulator metabolism.
Some virus infections result in accumulation of very large amounts 
of viral nucleoprotein. For example, tobacco mosaic virus (TMV) can 
multiply in tobacco or tomato until it forms 1% of the leaf fresh 
weight (3 8 , 44)« Id the synthesis of this vast amount of 'foreign' 
nucleoprotein, some 75% of "the host capacity for synthesis of RNA and 
protein is diverted to production of viral products (39» 43)* The 
means by which the virus takes over these anabolic activities of the 
host so effectively are not fully understood, but might involve 
alterations in controls of transcription and translation involving 
growth regulators.
Many cases are known where plants have genetically-controlled 
resistance to a virus normally infecting that species, or where 
apparent resistance may be induced in susceptible plants by a prior 
infection or chemical treatment. In no case do we have a complete 
understanding at the biochemical level of how these resistances 
operate, but early evidence indicates that plant growth regulators 
could be involved in certain resistance-like mechanisms.
An alternative approach to the study of virus infection and its 
interaction with growth regulator metabolism has been to alter the 
growth regulator metabolism of plants artificially by supply of 
exogenous regulators. Some of this work has been done in the hope 
of discovering chemical treatments which might interfere with the 
devebpment of pathogenesis, and so be of potential use in the 
chemotherapy of virus disease.
In this article we review the effects of virus infection on 
metabolism of endogenous growth regulators, and discuss whether the 
changes could be the cause of altered host growth and metabolism. We 
consider the effects of exogenous regulators on virus multiplication 
and pathogenesis, and possible roles of growth regulating compounds 
in chemotherapy and resistance.
To our knowledge this is the only recent review of this subject.
Other, earlier reviews (52, 80, 105, 121) have covered not only virus 
infections, but also the extensive literature on alterations in 
growth regulator metabolism caused by fungal and bacterial infections, 
which are beyond our scope here. Unlike viruses, fungi and bacteria 
may also produce or metabolize growth regulators themselves during 
infection.
EFFECTS OF VIRUS INFECTION ON ENDOGENOUS GROWTH REGULATOR CONCENTRATIONS
Plant viruses are very diverse in form. They range in size and complexity 
from the viroids; covalantly-closed circles of naked RNA with a 
sequence length of 5 5 0 - 4 5 0 nucleotide residues (54) > ‘to large 
complex particles such as clover wound tumour virus (WTV) containing 
up to 16 large, double-stranded RNAs and several types of protein (110). 
The majority are rod-shaped or isometric particles with a single type
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of protein and a genome size of 5 - 1 5 kilobases (5 1)*
The effects of virus infection on their host plants are equally 
diverse. Many, such as TMV and turnip yellow mosaic virus (TYMV) 
can spread systemically through the host and invade and multiply in 
virtually all living tissue. Others, such as tobacco necrosis virus 
(TFV) or tobacco rattle virus (TRV) are normally restricted to 
necrotic lesions which form around the infection sites. Some aphid- 
transmitted viruses are restricted to the phloem (139)» With this 
great diversity of form and pathogenic effect, it is reasonable to 
expect that different viruses in different hosts could have very 
diverse effects on growth regulator metabolism. Furthermore, the 
extreme severity of symptoms caused by many viruses could give rise 
to changes in growth regulators which are secondary responses to the 
symptoms, and not directly involved in control of the host-virus 
interaction.
Measurement of endogenous growth regulator concentration in plants 
is difficult: most occur at very low concentration, in the presence
of substances which interfere with the final assay. Many studies of 
the effects of virus infection of growth regulator metabolism have 
used bioassays. These methods tend to be only semi-quantitative, lack 
specificity and do not give unequivocal identification of the growth 
regulator being measured. If available, physical methods of assay such 
as gas chromatography or combined gas chromatography-mass spectrometry 
are much to be preferred, but these must be accompanied by adequate 
internal standardization and control experiments to establish that 
losses of growth regulators during extraction and purification are 
corrected for.
Auxins
The earliest experiments on effects of infection on growth regulators 
were with auxins in plants showing conspicuous stunting. Most reports 
indicated a reduction in auxin activity after infection, e.g. with 
tomato spotted wilt virus (TSW) (53)» potato leaf roll virus (PLRV) 
(61, 85, 130) and TMV (105, 104). Beet curly top virus (BCTV) 
reduced auxin concentration in susceptible lines of tomato, Phaseolus 
vulgaris and Beta vulgaris (127). In systemically infected tobacco,
TMV decreased the concentration of indoleacetic acid (lAA) and 
phenylacetic acid (PAA) by up to 95%; concentrations of their 
precursors tryptophan and phenylalanine were increased (1 0 7).
Dramatic reductions in leaf auxin content in these experiments were 
observed within 24 h of inoculation, when only a small proportion of 
leaf cells would be infected. If these results are confirmed, they 
would suggest that the reduction in auxin concentration is induced by 
some factor which spreads through the leaf faster than the virus.
One possible mechanism of reduced auxin activity after infection 
could involve increased activity of IAA oxidase, which has been 
reported in cowpea mosaic virus (CPMV) infection (79)» Several other 
host-virus combinations have been shown to have increased activity 
of peroxidase, which has IAA oxidase activity (49, 83» 134» 149)» There 
do not appear to have been any attempts to reverse virus-induced 
stunting in infected plants showing reduced auxin concentration by 
supply of exogenous auxin.
Infection has not only been reported to cause reduced auxin concen­
tration. In barley yellow dwarf virus (BYDV)-infected barley, auxin 
concentration was unchanged although the infected plants were severely 
stunted (115)- In lupins infected with pea mosaic virus (PMV) (151); 
potato in the initial stages of potato virus X (PVX) infection (62)
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and tobacco forming local lesions after TMV infection (1 4 8), increased
14levels of auxin activity were found. Basipetal transport of C-IAA 
was inhibited in stem sections from BCTV-infected tomato showing 
apical symptoms (128) although this was associated with detectable 
phloem damage (109). In contrast, an increased rate of auxin transport 
was found in stem sections of tomato after infection with aster 
yellows virus (AY V) (142) although this pathogen is now known to be 
a mycoplasma (51). It is very likely that effects of virus on long­
distance movement of growth substances may be indirect, and non-specific 
in that rates of movement of other small molecules may be similarly 
altered.
Abscisic acid
The effects of virus infection on abscisic acid (ABA) concentration 
reported so far have been varied. Measurements of the j£-inhibitor 
complex of growth-retarding substances, of which ABA is a major 
component (1J2), showed unchanged activity after TMV infection of 
tobacco (1 5 2), but increased activity in PMV-infected lupin (151) and 
rice tungro virus (ETV)-infected rice (95)* In experiments where 
ABA was measured by physical methods, infection of cucumber with 
cucumber mosaic virus (CMV) was reported to cause no change (9 ), 
but other workers reported a three-fold increase (l).
A decrease in ABA concentration in TMV-infected tobacco was reported
(1 0 7) but in this study only the very early stages of infection were 
examined. Other workers reported increases (10, 1 5 6). In our experiments 
(156), we used the White Burley variety of tobacco, containing the N ’ 
gene. This gives either a localized necrotic reaction, or allows 
systemic spread of virus, depending on the strain of TMV used. We 
found a two to six-fold increase in ABA concentration with systemic
Y
infection, which persisted throughout the period of active virus 
multiplication. The local lesion strain of TMV caused a much larger 
increase in ABA, up to 20-fold. This increase was associated with the 
lesions rather than the interlesion areas, and first became detectable 
at the time of lesion appearance. The timing made it unlikely that 
ABA increase was a primary cause of lesion formation; it was more 
likely to have been a secondary consequence of necrosis.
Experiments in which ABA was sprayed onto healthy plants to 
produce an increase in internal concentration similar to that caused 
by systemic virus infection suggested that the virus-stimulated rise 
in ABA could be a major cause of the reduced growth of infected 
plants (1 5 6). Both TMV and ABA reduced leaf growth by inhibition of 
cell division, and had no effect on cell expansion. Experiments with 
the local lesion strain and radiolabelled ABA showed that ABA was 
transported from the necrotic, inoculated leaves to upper healthy 
leaves, in sufficient quantity to explain the observed inhibition of 
growth of the upper leaves (40). An analogous situation was reported 
by Fraser and Matthews (3 6), who found that inoculation of cotyledons 
of Chinese cabbage with TYMV caused a rapid transient inhibition of 
leaf initiation at the seedling apex, long before infectious virus 
could be shown to have invaded the apex. Although the translocated 
factor was not identified, ABA is a likely candidate.
The means by which TMV infection stimulates ABA production are 
not yet clear. In the necrotic reaction, it is possible that water 
loss from necrotic tissue and ABA release from disrupted chloroplasts 
is responsible. In systemic, non-necrotic infection, an early effect 
of TMV is to alter chloroplast metabolism, including chloroplast 
protein synthesis, chloroplast ribosomal RITA synthesis and the 
properties of chloroplast membrane proteins (37» 59» 74)« It is
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possible that this could allow release of ABA from chloroplasts, 
thus de-repressing its further synthesis within the chloroplast (58)» 
although the role of the chloroplast in ABA synthesis has recently 
been questioned (57)*
Systemic TMV infection causes the plant to synthesize large amounts 
of TMV ENA, and also causes an early transient stimulation of 
cytoplasmic ribosomal ENA synthesis (39)* Treatment of healthy or 
TMV-infected leaf discs with sufficient exogenous ABA to cause an 
increase in internal ABA similar to that caused by virus infection 
also stimulated synthesis of both host and viral BNAs (155)• It may 
therefore be speculated that the increase in ABA concentration caused 
by TMV could play a role in stimulating the observed increases in 
ENA synthesis after infection. This report of stimulation of ENA 
synthesis by ABA is in contrast to most reports showing an inhibition. 
Most other studies however have been with embryonic tissue and in 
the presence of other growth regulators (20, 1 5 2).
Althoijgh ABA is biochemically one of the simpler growth regulators, 
its metabolism includes two complications which must be taken into 
account when assessing data from the effects of virus infection. First, 
it is readily metabolized to bound forms including the glucosyl 
ester (91) and other glycosides (92, 120). The metabolic relationships 
and controls of interconversions between the free acid and bound forms 
are not fully understood, but the concentration of bound ABA may 
exceed that of the free acid in the leaf (1 5 3» 156), so any study 
which measures only free acid may present an incomplete picture. 
Secondly, ABA may either be sequestered in the chloroplast, or 
released to other parts of the cell. The presence of these reservoirs 
of spatially or chemically sequestered ABA might mask metabolically
significant changes in active ABA concentration caused by virus 
infection. It is perhaps relevant that in tobacco grown under 
water stress conditions, and so having a high endogenous ABA concen­
tration, TMV infection caused no further increase in ABA (R. J.
Hhenham, unpublished data).
Gibberellins
The visible, and often dramatic stunting of shoot growth associated 
with virus infection also led to studies of gibberellic acid content.
In cucumber seedlings infected with CMV, hypocotyl elongation was 
inhibited. Bailiss (8) reported that this was associated with a 
reduction in concentration of gibberellins A1 and A3 but found no 
qualitative difference in gibberellins between healthy and infected 
plants. In another study of the same system, gibberellin content was 
also found to be reduced after infection (1), but this was accompanied 
by increases in ABA concentration (1) and in ethylene production (8 9). 
Ben-Tal and Marco (18) reported that there were qualitative changes 
in gibberellin content after infection, and suggested that the pattern 
of gibberelllin degradation was altered. They were unable to conclude 
whether the decreased gibberellin concentration was the cause of the 
stunting or merely a consequence of disease symptoms without a controlling 
role. Infection of barley with BYBV caused stunting and decreased 
gibberellin concentration (1 1 5).
Some reports have shown that virus-stunting may be partly prevented 
by treating plants with exogenous gibberellins, for example with 
severe etch virus (SEV) in tobacco (133)» or with c o m  stunt virus 
(CSV), AY7 and WTV infection (86). These experiments provide at best 
circumstantial evidence that virus-induced reduction in endogenous 
gibberellin concentration was responsible for stunting. Healthy 
cucumber seedlings were shown to respond more to applied gibberellin 
than CMV-infected, stunted seedlings (34» 87)» raising the possibility
that although applied gibherellin may stimulate elongation, this may 
be by quite separate means from that by which virus infection 
inhibits elongation.
There have been several reports that inhibition of stem growth 
by virus infection is associated with a reduction in cell division 
rather than cell expansion (7, 2 7 , 120, 158); application of 
exogenous gibberellin has been reported to stimulate cell division 
rather than cell expansion in some species, but both processes in 
others (reviewed in Reference 52).
Gibberellin concentration was reported to be unaltered by TMV 
infection of tobacco (22) and by tomato aspermy virus (TAV) in tomato (7).
C.ytokinins
Tobacco ringspot virus (TRSY) infection of Nicotiana glutinosa or 
cowpea was reported to reduce cytokinin activity (71, 14-0). In 
contrast, TMV and CMV infections increased cytokinin activity in 
tobacco (137, 138)* Chromatograms of extracts from botluhealthy and 
systemically infected plants showed peaks of cytokinin activity in 
bioassay, corresponding to zeatin and zeatin riboside. Activity of 
both was higher in the infected tissue, which also contained two 
cytokinin activities not present in healthy leaves. Inoculation of 
the tobacco cultivar Xanthi-nc, which restricts TMV to necrotic local 
lesions, was also reported to cause an increase in cytokinin activity
(135).
All these studies used bioassay to quantify cytokinin activity.
This has two shortcomings: accurate estimation of quantitative
changes in cytokinin concentration after infection is difficult, 
especially as different cytokinins have different bioactivities in 
the assay system. Secondly, identification of the chemical nature of 
the cytokinin activity by bioassay of chromatographically-fractionated
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extracts is far from -unequivocal. There is a clear need for 
accurate estimation and characterization of cytokinin activity in 
healthy and infected tissue using rigorous physical methods.
An interesting and provocative connection between TMV and 
cytokinin was the suggestion the TMV ERA may itself contain residues 
with cytokinin bioactivity (155» 136). The major active components 
were tentatively identified by bioassay after paper or Sephadex 
LH20 chromatography as zeatin and isopentenyladenine and their 
respective derivatives. It was suggested that each TMV ENA molecule, 
6340 nucleotide residues long, contained between 5 and 17 cytokinin- 
active nucleosides. As TMV ENA can reach 400 pg / g fresh weight in 
a successful infection (3 8), this represents a cytokinin concentration 
equivalent to 300 - 10 50 ng / g; much higher that the normal leaf 
level of 1 - 10 ng / g (7 6) or the amount found in tBNA (55)»
We have recently attempted to confirm the presence of cytokinin 
nucleosides in TMV ENA by a newly developed and highly sensitive 
gas chromatographic procedure, using permethylated cytokinins and a 
nitrogen-specific detector (1 5 4)» We failed to detect any cytokinin 
nucleoside known to occur in ENA by this method or by soybean callus 
bioassay (1 5 7)* As the gas-chromatographic method would have detected 
as little as 1 cytokinin nucleoside per 10 TMV ENA molecules, it 
suggests that cytokinins are either absent, or present in such small 
amounts as to be of questionable biological significance.
Ethylene
Generally, ethylene production appears to be increased by infection 
leading to necrotic or chlorotic reactions, but not by viruses which 
multiply systemically without necrosis. Ethylene production was 
stimulated 3 to 13 h before appearance of local lesions after TMV 
(106) and TFV (4 8) infection of tobacco, but the largest increases
1 2
occurred after lesions appeared. A sudden burst of ethylene has 
also been reported before TMV lesions (33)« Physalis floridana leaves 
infected with potato virus Y (PVY) showed increased rates of ethylene 
production at the onset of necrosis ('1 1 3)» while cowpea leaves 
infected with CMV or CPMV also showed increased ethylene production 
(66, 79)* Tobacco leaves systemically-infected with TMV did not 
have increased rates of ethylene production (1 5 , 48, 98) except in 
very late stages of infection in senescent leaves (98). In beet, 
ethylene production was unchanged during leaf yellowing caused by 
infection with beet mosaic virus (EMV) and beet mild yellows virus 
(BMYV); in contrast a necrotic infection with the fungus Cercospora 
beticola caused increased ethylene production (7 0 ).
These observations raise the question of whether ethylene is 
actively involved in promoting the necrotic response; the evidence 
is contradictory. In tobacco reacting hypersensitVely to TMV infection, 
an inhibitor of ethylene synthesis, succinic acid 2,2,-dimethyl- 
hydrazide did not alter lesion size (106). Ethylene production in 
TMV-infected leaves was also inhibited by treatment with aminoethoxy- 
vinylglycine, but lesions still formed (33)* In Tetragonia expansa, 
bean yellow mosaic virus (BYMV) normally causes chiorotic lesions.
These lesions became necrotic when plants were exposed to ethylene, 
while in thoBe exposed to CCL, an inhibitor of ethylene action, 
development of both chlorosis and necrosis was prevented (10). When 
tobacco leaves were pricked with needles moistened with the ethylene- 
releasing compound 2-chloroethylphosphonic acid (Ethrel, ethephon), 
necrotic spots similar to virus-induced lesions were produced (1 4 6). 
Changes in protein constitution and peroxidase isoenzyme patterns 
induced by ethephon and TMV necrosis were similar. Treatment of inoculated 
leaves with ethephon reduced the size of lesions formed (1 4 6). These
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experiments provide evidence for a role of ethylene in control of 
the necrotic response, hut do not prove that ethylene and TMV 
induce necrosis by the same mechanism. It seems likely that much 
of the ethylene production associated with virus-induced necrosis 
may be a consequence of non-specific wounding effects. Ethylene 
synthesis occurs at the plasmalemma (78); it is interesting that 
some of the early effects of virus infection include altered membrane 
permeability (7 4 ) and increased activity of a membrane-bound ATPase (6 4).
Virus-stimulated ethylene production appears to occur without 
necrosis in CMV-infected cucumber seedlings. Ethylene production 
increased at the time of appearance of chlorotic lesions on 
cotyledons (88). It was suggested that the increased ethylene production, 
coupled with an increase in resistance of cotyledons to gaseous 
diffusion, may have been responsible for the marked epinasty of 
cotyledons seen after infection. Exogenous ethylene also caused epinasty 
of cotylendons on healthy plants (77)« Ethylene production was also 
shown to be enhanced in hypocotyls of infected seedlings; experiments 
with application of ethylene or ethephon to healthy seedlings suggested 
that the CMV-induced ethylene production could be important in the 
suppression of hypocotyl elongation after infection (8 9), but is 
probably not the sole cause. Removal of ethylene by oxidation with 
potassium permanganate only temporarily stimulated growth of infected 
plants (8 9).
Although most studies of changes in endogenous growth substances 
after infection have been concerned with individual growth substances, 
there have been so me attempts to interrelate changes in several 
growth substances (8 7). Perhaps the best studied system is CMV-infection 
of cucumber. Inhibition of hypocotyl growth in infected plants was 
associated with decreased gibberellin content (1, 8); increased ABA 
content (l) and increased ethylene production (8 9), all of which could
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have contributed to the stunting. A careful and intensive study of 
the timings of the changes, coupled with application of 
physiologically reasonable concentrations of exogenous growth 
regulators, might establish which changes were important in control 
of growth, and which were secondary effects. However, until we have a 
deeper understanding of how growth substances may interact in growth 
control in the healthy plant, the question will remain difficult to 
answer.
EFFECTS OP EXOGENOUS GROWTH REGULATORS OH VIRUS MULTIPLICATION AMD 
PATHOGENESIS
We considered above some experiments where exogenous growth regulators 
were applied to healthy plants, to mimic changes in regulator concen­
tration caused by virus, or applied to infected plants to rectify a 
virus-induced reduction in growth regulator concentration. These 
experiments were designed to test the involvement of virus-induced 
changes in regulator concentration in control of host growth. In this 
section we are concerned with the effects of exogenous growth 
regulators on virus multiplication and development of pathogenesis.
Senescence: ABA and ethylene
There have been several reports that susceptibility of plants to virus 
is increased by treatments which promote leaf senescence. Infiltration 
of tobacco leaf discs, or injection of attached leaves with ABA caused 
small increases in size and number of lesions resulting from infection 
with TMV, and a small increase in the amount of infectious virus 
produced (10, 1 4). Unfortunately, the data were not analyzed for 
statistical significance. The highest ABA concentrations used (10 and
15
100 pg / ml) were phytotoxic, and with these methods of application 
which favour high ABA uptake, probably caused increases in internal 
ABA concentration far beyond normal physiological concentrations 
(1 5 5)* In a separate study, we found that spraying intact plants 
with ABA at a concentration sufficient to produce a physiologically 
reasonable increase in internal ABA concentration caused statistically 
significant reductions in lesion size and number after TMV infection 
(42).
Ageing tobacco leaves on intact plants do not accumulate high 
concentrations of ABA (1 5 6). Old, flowering plants of the cv.
Xanthi-nc formed very many fewer lesions when inoculated than young 
plants (41)* Multiplication of TMV in the systemic cv. Samsun was 
much greater in leaves inoculated when young than in those inoculated 
when mature and fully expanded (58)* These results suggest that 
there is no correlation in the intact plant between senescence and 
susceptibility to infection, and that , the apparent increased susceptibility 
by treatment with high ABA concentration (10, 1 4) may have been 
non-specific effects of chemical damage, bearing little relation to 
any action of ABA in vivo.
Treatment of Xanthi-nc tobacco leaves with ethrel caused changes 
similar to senescence, and was reported to increase susecptibility 
to TMV infection, measured variously as small increases in lesion 
number, diameter and TMV multiplication (10, 15)« In a separate study, 
treatment with ethylene did not increase TMV multiplication or lesion 
formation (98). A third report showed that ethephon treatment reduced 
lesion size (145> 146). Ethrel did not increase TMV multiplication 
in the systemic host Physalis floridana (2 5). The weight of the evidence 
is therefore against any increase in susceptibility to virus infection 
after ethylene-induced senescence.
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Changes similar to senescence may also he induced by detaching 
leaves. The effects on susceptibility to TMV" were complex, but did not 
provide consistent evidence that induced senescence enhances suscep­
tibility to TMV (97, 99).
Exogenous regulators and the local lesion response
Many investigators have sought to analyze the interaction of exogenous 
growth regulators with virus multiplication and host response by 
studying the effects of regulators on local lesion formation. This 
experimental system yields data readily, but is biologically 
extremely complex; consequently the effects reported are varied and 
somewhat contradictory.
In Samsun KIT tobacco, a local lesion host for TMV", treatment with
high (near phytotoxic) concentrations of the synthetic auxin 2,4-dichloro-
phenoxyacetic acid (2,4-D) greatly promoted lesion expansion, while
lower doses inhibited expansion (123, 147). Infected protoplasts
from tobacco plants with the K-gene for local lesion formation did
not become necrotic (101). Cultured in the absence of 2,4-D, protoplasts
from K-gene plants supported much lower virus multiplication than
those from systemic hosts lacking the K-gene (82). However, addition
of 2,4-D at 1 jig / ml, the normal concentration used in protoplast
culture, increased the amount of virus infectivity produced in
protoplasts from N-gene plants, and reduced it in those from non-K-gene
plants, so that they were equal. The difference between the two
genotypes, and the differential effect of 2,4-D, were apparently
eliminated in protoplasts from plants which had received high levels
of nutrient, or those which were inoculated with a high virus
concentration. These factors, and the effects of a range of 2,4-D
concentrations, would require further study before it can be concluded 
that 2,4-D is interacting with the mechanism normally inhibiting
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virus spread in N-gene plants. Treatment of cucumber with 2,4-D 
increased the number of lesions formed on inoculation with TMV (18).
TMV lesion size on young expanding leaves of N-gene tobacco 
plants was also reduced by other synthetic (o(.-naphthylacetic acid;
NAA) and natural auxins (lAA, PAA.) (147)• Unlike 2,4-D, these compounds 
did not cause increased lesion size at high concentration. Auxins also 
failed to restrict lesion size in older leaves, detached leaves, or 
those with the 'acquired systemic resistance' phenomenon (112). Clearly 
the interaction of auxin with other factors in leaf development and 
metabolism is complex and influences its ability to alter lesion 
development. It has been suggested that auxin-stimulated ethylene 
production could be responsible for inhibition of lesion growth (1 4 7)•
Reports of exogenous cytokinins altering lesion development are 
legion. Kinetin reduced lesion number and virus infectivity produced in 
TMV-infected discs of N. glutinosa (6 7). With the same host, others reported 
that lesion formation was inhibited but that virus production was 
stimulated by various cytokinins (93)» The latter workers also reported 
that lesion growth was either inhibited or stimulated by two particular 
cytokinins. Aldwinckle subsequently pointed out that these were both 
benzyladenine masquerading under two synonyms(3)! Kinetin at various 
concentrations was reported to increase both size and number of lesions 
formed on detached leaves (35); preliminary experiments indicated 
that zeatin had a similar effect.
In TMV-infected Xanthi-nc tobacco, kinetin did not reduce the number 
of local lesions, but did reduce their necrotisation to the extent where 
they became invisible to the naked eye (17)» Virus multiplication in 
contrast was not inhibited by kinetin. Kasamo and Shimomura (6 3) 
suggested that the epidermis and underlying tissue of tobacco leaves 
have different responses to kinetin as it affects the necrotic reaction.
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As TMV initially multiplies in epidermal cells then spreads later to 
the mesophyll, they suggested that this might explain the different 
effects reported, especially the effects of time of application 
which are discussed in more detail below. In N. glutinosa and 
Datura stramonium, application of cytokinins both increased and decreased 
lesion number, depending on conditions (116).
Kinetin reduced the size and number of lesions caused by TSOT on 
petunia leaf strips and greatly reduced multiplication of this virus 
in tomato leaves (118). Benzyladenine reduced lesions on petunia and 
N. rustica caused by TSWV. Supplied before inoculation of N. rustica 
it reduced production of virus infectivity; if supplied after inoculation 
it increased it (4 ).
In cowpea, kinetin reduced the number of lesions formed by TRSV by 
75% (71)• Infectivity of the same virus produced in N. glutinosa was 
markedly reduced if plants were treated with high concentrations of 
kinetin 9 days before inoculation but not if treated 5 days before (1 4 0).
The general conclusion from these results is that while the most 
common effect of cytokinin appears to be to reduce lesion number and 
size, this may or may not be associated with a reduction in virus 
multiplication within the lesion, i.e. there may be an inhibition of 
necrotisation rather than of virus multiplication. Time of application 
relative k> inoculation appears to be important in determining the 
effect of cytokinins and could be the cause of their ability to increase 
as well as decrease lesion number and size. There seem to be no reports 
as yet of cytokinins allowing a virus normally restricted to local lesions 
to spread systemically.
Exogenous regulators and the systemically-infected host 
A less complicated approach to study the effects of exogenous growth 
regulators on virus multiplication and pathogenesis has been to
apply them to plants which permit systemic multiplication of virus.
The results are then unobscured by the complex inhibitory effects of 
the local lesion reaction on virus multiplication.
T h e  a u x i n s  NAA a n d  i n d o l e b u t y r i c  a c i d  ( iB A )  r e t a r d e d  a p p e a r a n c e  
o f  TMV m o s a i c  s y m p to m s  o n  t o b a c c o ,  b u t  o n l y  w h e n  a p p l i e d  a t  n e a r ­
p h y t o t o x i c  c o n c e n t r a t i o n s  ( 1 0 0 ) .  T h e s e  a u x i n s  w e r e  a l s o  r e p o r t e d  t o  
i n h i b i t  TMV m u l t i p l i c a t i o n  i n  t i s s u e  c u l t u r e  ( 7 2 ,  73)» IA A  r e d u c e d  TMV 
m u l t i p l i c a t i o n  i n  y o u n g ,  e x p a n d i n g  t o b a c c o  l e a v e s ,  b u t  o n l y  b y  a b o u t  
30%  ( 1 4 7 ) *  I n  c o n t r a s t ,  2 , 4 - D  w a s  r e p o r t e d  t o  s t i m u l a t e  TMV m u l t i p l i c a t i o n  
i n  P h y s a l i s  f l o r i d a n a  ( 2 5 )  a n d  i n  t o b a c c o  ( 1 1 7 ) •  T h e  l a t t e r  a u t h o r  a l s o  
r e p o r t e d  t h a t  IA A  i n c r e a s e d  TMV m u l t i p l i c a t i o n .  TMV n o r m a l l y  c a u s e s  o n l y  
a  s u b l i m i n a l  i n f e c t i o n  i n  c o t t o n :  a n  i n t e r e s t i n g  r e p o r t  w a s  t h a t  2 , 4 - D  
a n d  s e v e r a l  o t h e r  g r o w t h  r e g u l a t o r s  c o n s i d e r a b l y  i n c r e a s e d  t h e  l e v e l  o f  
m u l t i p l i c a t i o n  ( 2 6 ) .
Kinetin either increased or decreased the infectivity of tomato aucuba 
mosaic virus (TAMV) produced in tobacco leaves, depending on the time 
of application (3 0). The most effective suppression was when kinetin was 
supplied from 4 weeks before inoculation. On a much shorter time scale, 
application of benzyladenine to tobacco leaves before or 1 min after 
inoculation with TMV reduced the production of infectivity; application 
5 - 1 2 0  min after inoculation enhanced infectivity (3)* Kinetin, kinetin 
riboside, isopentenyl adenosine and benzyladenine all increased the infectivity 
of TMV produced in systemically-infected tobacco or N. rustica plants 
(93)» hut all reduced production of infectivity in tissue cultured from 
infected plants (94)» In CMV-infected meristematic cultures of N. 
rustica, kinetin at various concentrations had little effect on infectivity, 
or slightly stimulated it (1 2 4). Low concentrations of kinetin or benzyl­
adenine increased the TMV infectivity produced in tomato leaf discs; 
high concentrations reduced it (11). Kinetin increased TYMV multiplication
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in floated leaf discs of Chinese cabbage (19) hut inhibited TMY and PYX 
multiplication in tobacco and Datura stramonium (111).
The effects of exogenous auxins and cytokinins on multiplication of 
viruses causing systemic infection are therefore very -varied; 
clearly concentration and time of application are again major factors 
determining the effect. It should be noted that in no case has there 
been any demonstration of an effect of the growth regulator directly on 
the virus replication process as such, though generally these effects have 
not been sought in suitable in vitro experimental systems. Ralph et_ al.
(108) found no effect of zeatin or benzyladenine on initiation of 
protein synthesis or rate of polypeptide chain elongation in a 
wheat germ cell-free system programmed with TMV EM. It may be that the 
effects of exogenous auxins and cytokinins on virus multiplication are 
indirect consequences of primary effects on other aspects of host 
metabolism.
Some general comments on the design of experiments to study the effects 
of auxins and cytokinins on local lesion and systemic vims infections 
are pertinent. The majority of tests have measured virus multiplication 
by infectivity bioassay, by measuring the number of local lesions produced 
on a suitably reacting second host. This has some disadvantages: 
without considerable elaboration, the method is not really accurate enough 
to discriminate small differences in vims concentration, yet many of 
the reported effects of exogenous growth regulators are indeed small.
With a few exceptions, much of the published work does not include 
proper statistical analysis, with appropriate transformation of raw 
data (68). Furthermore, treatment of plant tissue with growth regulators 
might well have an indirect effect on the specific infectivity of the 
vims produced (number of lesions induced per unit weight or vims),
Z<J
especially at high or phytotoxic concentrations. Thus a reduced infectivity 
in crude extracts might not reflect a reduction in virus concentration.
For these reasons some physical measurement of virus multiplication 
is desirable before claiming an effect of a growth regulator on 
multiplication.
Many experiments with exogenous auxins and cytokinins have been done 
with potentially unphysiological concentrations, but generally there have 
been no measurements of amounts of uptake or alteration in internal 
concentration caused by treatment. The vast majority of experiments with 
cytokinins have used kinetin and benzyladenine, which do not occur 
naturally in leaves, and whose metabolism might perhaps be quite different 
from naturally-occurring compounds. It would perhaps be interesting to 
test the forms of cytokinins occurring naturally in the tissue being 
studied.
Many experiments have been done with detached leaves or leaf discs.
While this is a useful experimental approach, excision in itself does 
induce metabolic changes, especially in long-term experiments (2).
These might influence the response of tissue and virus to exogenous 
growth regulators and make conclusions inapplicable to the intact 
plant.
Chemotherapy
The ability of exogenous growth regulators to delay or reduce the 
severity of visible symptoms of virus infection, and in some cases to 
inhibit virus multiplication, has stimulated research on possible methods 
of chemotherapy. One approach was to screen chemicals already in use in 
agriculture, which were known to be taken up and to spread systemically.
The fungicide thiabendazole (TBZ) reduced the susceptibility of sugar beet 
to yellowing viruses (114 )• Part of the effect was attributed to a reduced
¿1
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ability of the aphid vectors to colonise treated plants, but an effect 
on susceptibility of treated plants to virus was also possible.
Methyl benzimidazol-2yl carbamate (MBC), the water decomposition 
product and fungitoxic principle of the benomyl fungicides (28), inhibited 
formation of visible symptoms of TMV on tobacco and beet western 
yellows virus (BWYV) in lettuce (143). Other studies showed that 
the multiplication of TMV in tobacco was strongly inhibited (4 6), and 
that MBC treatment completely prevented the normal inhibition of plant 
growth resulting from TMV infection (47)« MBC doses giving over 90% 
inhibition of TMV multiplication were about one-fiftieth of those 
required to produce phytotoxic effects and growth inhibition (47)*
H o w e v e r ,  t h e  m u l t i p l i c a t i o n  o f  v i r u s  w a s  i n h i b i t e d ,  n o t  a b o l i s h e d ,  
a n d  M B C - t r e a t e d  p l a n t s  d i d  e v e n t u a l l y  a c c u m u l a t e  h i g h  c o n c e n t r a t i o n s  o f  
TMV a f t e r  s e v e r a l  m o n t h s .
B o t h  TBZ a n d  MBC h a v e  a c t i v i t y  i n  c y t o k i n i n  b i o a s s a y s  ( 1 2 5 ,  1 4 1 ) *
We f o u n d  t h a t  MBC h a d  n o  d i r e c t  i n h i b i t o r y  e f f e c t  o n  TMV ENA s y n t h e s i s .
It was ineffective in suppression of TMV multiplication when supplied 
to mature leaves, but caused a persistent inhibition of TMV multiplication 
lasting well through leaf maturity and senescence, if supplied to the leaf 
while still very young. This suggests that the inhibitory effect of MBC 
on TMV multiplication was an indirect one through altered leaf development 
(47)* One possibility is that the cytokinin activity of MBC maintains the 
leaf in some juvenile state unsuitable for virus multiplication. In 
many cases juvenile tissues such as meristems are known to support little 
or no virus multiplication (2 9, 1 2 9, 1 3 1)* MBO was found to be 
ineffective against several other viruses (11, 1 4 3)•
An alternative approach to chemotherapy has been to screen chemicals 
such as virazole (synonym ribavirin; 1-j3-D-ribofuranosyl-1,2,4-triazole- 
3-carboxamide)(l26) which have activity against animal viruses.
2 3
Yirazole was effective in elimination of various viruses from plant 
tissue cultures (2 4, 122, 1 2 4) and reduced virus multiplication in 
intact plants (5 6 , 6 9, 117)* Its mode of action in plants is not 
understood, but it is known to have cytokinin-like activity; it 
stimulated growth of tissue cultures at low concentration and suppressed 
root formation (12 4)• High concentrations of kinetin in the growth 
medium antagonised the antiviral action of virazole (124). Pulse 
labelling experiments failed to show any effect of virazole directly on 
TMV ENA or coat protein synthesis in infected tobacco protoplasts 
(R S S Praser and A Gerwitz, unpublished data). These results raise the 
possibility that virus eradication by virazole might depend on 
a mechanism involving its cytokinin activity. The interaction of its 
antiviral activity with exogenous kinetin further suggests that 
knowledge of the effects of cytokinins on virus multiplication and 
virazole would be required before this type of chemotherapy could be fully 
exploited.
PLANT GROWTH REGULATORS AND RESISTA N C E TO V IR U S D ISE A SE
Developmental or spatial resistance
In systemic infection, certain areas of the plant may be partially 
or completely resistant to invasion by the virus. Typically these areas 
include shoot and root meristems (29, 129, 131)« Embryos or the entire 
seed may also not be invaded (102). No explanation is yet available for 
the apparent resistance of these tissues to infection; a possibility 
which deserves study is that it is related to their particular and 
unusual growth regulator status.
A related type of resistance is found when leaves are invaded at a
very early stage of development, for example with TMV or TYMV.
Certain cells become infected, and give rise to yellow, diseased tissue
as the leaf expands. Other groups of cells remain uninfected, and by division
give rise to 'green islands' which remain substantially virus free
(6, 81, 9 6). These green islands have higher chlorophyll concentration
than healthy leaves, and may be analogous to meristematic tissue in
that they are resistant to infection because they are suspended in
some juvenile, non-infectible state. It has been reported that they
have higher cytokinin content than the surrounding infected tissue
(155)« The possible role of endogenous growth regulators in maintaining
the virus-free state of the dark green islands clearly deserves
further investigation.
Constitutive resistance
Many cases are known where a particular variety of a species can 
contain a gene or genes conferring resistance or tolerance to a virus 
normally affecding that species. In no case do we have a full 
understanding of the biochemistry of gene action; superficially the 
various mechanisms appear to be very diverse.
BCTV caused auxin concentration to fall equally in susceptible and 
virus-resistant varieties of tomato, Phaseolus bean and beet, 
although the resistant varieties showed less severe symptoms and 
lower virus multiplication (127). In tomato, a TMV-tolerant variety was 
found to have higher concentrations of gibberellins and cytokinins in 
its sap than a susceptible variety (119)* The relationship of this 
finding to the expressed tolerance is not clear, but in view of the 
experimental evidence that exogenous growth regulators can suppress 
symptoms and virus multiplication, a mechanism of tolerance based on 
endogenous growth regulators deserves further study.
When plants form necrotic lesions after inoculation with virus, the response 
of uninoculated parts to a second or challenge inoculation can be 
altered. Lesions formed after the challenge inoculation are often 
smaller and less numerous than those formed on previously uninoculated 
control plants. This effect, referred to as 'induced’ or 'acquired 
systemic resistance' has been reported in several host-virus combinations 
(112). In tobacco varieties forming lesions after TMV infection, at 
least four new host-coded proteins are detectable in parts of the 
plant showing acquired systemic resistance (5 0 , 1 5 0)« It bas been 
suggested that these 'pathogenesis-related' proteins are involved 
in the resistance, perhaps in some way analogous to interferon in animals 
(6 5). However, whether these proteins play any part in the apparent 
resistance has recently been questioned (4 1 > 4 2 ).
An alternative explanation of acquired resistance is based on 
changes in host growth regulator metabolism induced by the first 
inoculation, and proposes separate mechanisms controlling altered 
lesion number and lesion size in the second inoculation. Leaves 
showing acquired resistance were reported to have higher cytokinin 
content than control leaves (1 6, 137)* The increases were not great, 
and the types of cytokinin involved were not identified, but the 
reports are consistent with other evidence that exogenous cytokinin 
can reduce lesion size by inhibiting necrotisation (12, 93> 118). This 
is supported by evidence that the amount of virus multiplication in small 
lesions on leaves with acquired resistance is as great as in the 
larger lesions of control leaves (1 6, 4 0).
Alteration in lesion number as a consequence of the first inoculation 
appears to bear an inverse relationship to induced changes in leaf abscisic
In d u c e d  r e s i s t a n c e
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acid concentration. ’Resistant’ leaves of N. tabacum formed fewer 
lesions in the second inoculation, and had higher ABA concentration 
at the time of inoculation than comparable leaves on control plants 
(40, 156). In experiments with radiolabelled ABA, it was shown that 
the increased ABA concentration of upper, uninoculated leaves was at 
least partly due to transport of ABA from the lower, lesion-bearing 
leaves. In N. glutinosa the converse situation applied. A primary 
inoculation of lower leaves with TMV reduced ABA concentration of 
uninoculated upper leaves, but increased the number of lesions 
they formed on subsequent challenge inoculation (45)* The reduction in 
number of lesions formed when healthy N. tabacum plants were sprayed with 
ABA before inoculation is also consistent with this correlation (4 2 ). 
Whether ABA is the direct control of altered susceptibility to 
infection, or indirectly involved through an effect on leaf water 
relations and mechanical susceptibility to infection remains to 
be established. Van Loon (14 6) has shown that ethephon treatment 
induces effects similar to acquired systemic resistance and has 
suggested that ethylene production by lower, lesion-forming leaves 
could be responsible for the ’resistance’ or upper leaves.
It is interesting in connection with the proposed growth regulator 
explanation of acquired systemic resistance that growth regulators 
have also been reported to induce synthesis of the pathogenesis-related 
proteins in healthy plants (5 , 1 4 6).
CONCLUSION'S
There is considerable evidence that virus infection can cause major changes 
in growth regulator concentrations. Some of these changes have been
shown to be of potential importance in the control of host growth after 
infection; others appear to be secondary effects. There is very little 
information on how virus infection causes alteration in host growth 
regulator metabolism. The possible involvement of chloroplasts in synthesis 
or compartmentalization of some growth substances (3 1 , 58, 8 4) and 
the observed early effects of infection on chloroplast membranes 
and metabolism (37> 59» 74) suggest further lines of study.
There is little understanding of how virus-induced changes in host 
growth regulators might cause alterations in growth, development and 
metabolism. This point.'.reflects the paucity of our current knowledge of 
how growth regulators work in healthy plants (1 4 4)» Virus infections 
may indeed by a useful experimental approach to the study of growth 
regulator function and metabolism.
Experiments with exogenous growth regulators and infection have 
suggested that they can influence virus multiplication and 
pathogenesis. To date they have given disappointingly little insight 
into how growth regulators may affect multiplication and symptom 
development. Early work on chemotherapy and involvement of growth 
regulators in mechanisms of resistance raises the possibility of 
ultimately developing new antiviral strategies based on manipulation 
of endogenous growth regulators.
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Binding of Radioactive Homopolynucleotides to RNA
A  Simple Method for the Detection, during Gel Electrophoresis or Sedimentation, 
o f Messenger R N A s which Contain Poly(A) Sequences
R o n a ld  S. S. P h a s e r  an d  U lrich  E . L o e n i n g  
Department of Zoology, University of Edinburgh 
(Received November 9, 1972)
A  sim ple m e th o d  is described  fo r th e  ch a rac te risa tio n  an d  assay  o f m essenger R N A s w hich 
co n ta in  po lyadeny lic  ac id  sequences. T o ta l R N A  is m ixed  w ith  rad io ac tiv e  po lyu ridy lic  ac id  or 
p o ly th y m id y lie  acid, w hich b in d  to  po lyadeny lic  acid  sequences. W hen  th e  m ix tu re  is fra c tio n a te d  
b y  gel e lectrophoresis o r sed im en ta tion , th e  rad io a c tiv ity  profile th e n  shows th e  d is tr ib u tio n  o f 
th o se  R N A s w hich co n ta in  po lyadeny lic  ac id  sequences. T he am o u n t o f  hom opolynucleo tide 
b o u n d  is a  m easure o f th e  am o u n t o f m essenger R N A  p resen t. T he d e tec tio n  an d  assay  o f 10-S 
haem oglobin  rnR N A  in  m ouse-re ticu locy te to ta l  R N A  is show n as a n  exam ple o f th e  techn ique .
Sequences r ich  in  adeny lic  acid  residues have 
been  fo u n d  in  several m am m alian  m essenger R N A  
species, such  as in  th e  ra b b it  haem oglobin  m R N A  
[1], in  H e L a  cell m R N A  [2] a n d  nuclea r h e te ro ­
geneous R N A  [3]. Several m ethods h av e  been 
developed  for th e  p h y sica l se p ara tio n  o f m R N A s 
w ith  c o n ta in  poly(A ) sequences from  ribosom al an d  
o th e r  R N A s [4—6],
W e describe a  m e th o d  fo r determ in ing  th e  occu rr­
ence a n d  size o f R N A s w hich co n ta in  poly(A) 
sequences. T he sim p lest possib le ap p ro ach  to  such 
a n  ana ly sis  is to  m ix  rad io a c tiv e ly  labelled  p o ly ­
u ridy lic  ac id  or p o ly th y m id y lic  ac id  w ith  un labelled  
to ta l  R N A  u n d e r cond itions favou ring  b ind ing  of 
th e  hom opolynucleo tides to  poly(A ) sequences. The 
m ix tu re  is th e n  f ra c tio n a te d  b y  sucrose g rad ien t 
se d im e n ta tio n  or gel electrophoresis an d  th e  d is tr i­
b u tio n  o f ra d io a c tiv ity  in  th e  frac tions is determ ined . 
T his p a p e r  describes ex p erim en ts  w hich use th e  
m R N A  fo r haem oglob in  in  m ouse-re ticu locy te to ta l 
R N A  as a  m odel fo r th e  d e tec tio n  o f m essenger.
MATERIALS AND METHODS 
P reparation of M ouse-Reticulocyte R N A
F ro zen  m ouse re ticu lo cy tes  (k ind ly  g iven  b y  
D r R . W illiam son) w ere th a w e d  in to  a t  leas t te n
Abbreviations. Poly(U) polyuridylic acid, poly(A) poly­
adenylic acid, poly(dT) polythymidylic acid; mRNA, 
messenger RNA.
Enzymes. Alkaline phosphatase (EC 3.1.3.1); polynucleo­
tide kinase (EC 2.7.1.-).
Definition. A 260 unit, the quantity of material contained 
in 1 ml of a solution which has an absorbance of 1 a t 260 nm, 
when measured in a 1-cm path-length cell.
volum es o f a  detergen t-ly sing  m ed ium  con tain ing  
2 ° /0 (w/v) o f sod ium  triiso p ro p y ln ap h th a len esu l-  
p h o n a te  (E a stm an  O rganic Chem icals), 0.1 M N aCl 
an d  0.01 M T ris-H C l p H  7.5 a t  room  te m p era tu re . 
T he m ix tu re  w as shaken  w ith  a n  equa l vo lum e of 
th e  phenol-cresol m ix tu re  o f P a rish  a n d  K irb y  [7] 
an d  e x tra c tio n  o f nucleic ac id  th e n  follow ed th e  
procedure described  b y  L oening  et al. [8]. D N A  w as 
n o t rem oved.
H  omopolynucleotides
P oly([3H ]u ridy lic  acid) (0.2 ¡xCi/gg) w as p u rc h a s­
ed from  Miles L ab o ra to rie s  In c . a n d  w as u sed  d isso lv­
ed  in  0 .5 °/0 sod ium  dodecy lsu lphate , 150 m M  sodium  
a c e ta te  p H  6.0 a t  a  co n cen tra tio n  o f 0.1 or 0.01 [i.g/p.1. 
T he m hiim um  m olecular w eight o f th e  poly(U ) w as 
50000.
P o ly th y m id y lic  ac id  w as p u rch ased  from  Miles 
L ab o ra to rie s  In c . a n d  w as te rm in a lly  labelled  w ith  
[32P ]p h o sp h a te  b y  th e  m e th o d  o f R ich a rd so n  [9]. 
5 A 260 u n its  o f poly(dT) w ere d issolved in  50 mM  
Tris-H C l, 10 m M  MgCl2 a n d  d igested  w ith  100 ¡j.g 
alkaline p h o sp h a tase  (W hatm an , from  Escherichia  
coli) for 30 m in  a t  37 °C. T he enzym e w as rem oved  
b y  one e x tra c tio n  w ith  pheno l a n d  th e  poly(dT) 
p rec ip ita ted  w ith  alcohol. T he p re c ip ita te  w as d is ­
solved in  10 mM  T ris-H C l p H  7.4, 20 m M  NaCl, 
5 mM MgCl2 an d  labelled  b y  a d d itio n  o f  [y-32P ]A T P  
(R adiochem ical C entre, A m ersham , U .K .) a n d  excess 
po lynucleo tide k inase (from  M icrococcus lysodeikticus, 
k in d ly  given b y  D r K . M urray) fo r 45 m in  a t  37 °C. 
A n equal vo lum e o f 0 .5 °/0 sod ium  dodecy lsu lphate , 
150 mM  sodium  a c e ta te  p H  6.0 w as ad d ed  an d  th e  
32P -labelled  poly(dT) w as p re c ip ita te d  w ith  tw o 
volum es o f e thano l.
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Sucrose Gradients
7—25 %  sucrose g rad ie n ts  w ere p rep a re d  in  50 mM 
T ris-H C l p H  7.6 a t  20 °C, 150 mM  N aCl, 1 m M  E D T A  
an d  0.5°/0 sod ium  dodecy lsu lphate . 10 pg re ticu lo ­
cy te  R N A  w as d isso lved  in  100 pi g rad ie n t buffer 
m inus sucrose a n d  m ixed  w ith  0.01 — 1.0 pg poly(U ) 
a n d  layered  on to  a  5-m l g rad ien t. G rad ien ts  w ere 
cen trifuged  in  th e  SW  50.1 ro to r  o f  th e  Spinco 
M odel L cen trifuge for 2.5 h a t  45000 re v ./m in  
(189000X(/av) a t  20 °C. G rad ien ts  w ere co n tinuously  
m on ito red  fo r u ltra v io le t abso rbance  a t  254 n m  w ith  
a n  Isco  222 A nalyser. F ra c tio n s  o f 0.13 m l w ere m ixed  
w ith  0.3 m l o f  Ò.5 M N H 4O tI, 0.5 mM  E D T A  an d  
d ried  a t  60 °C in  sc in tilla tio n  v ials. 0.3 m l w a te r  an d  
7 m l sc in tilla tio n  liq u id  [0.5°/0 (w/v) b u ty l-P D B , 
40°/o (v/v) m eth o x y etlian o l, 60 %  (v/v) to luene] 
w ere ad d ed  a n d  3H  ra d io a c tiv ity  w as d e te rm in ed  
in  th e  P a c k a rd  T ri-C arb  sc in tilla tio n  spec trom eter.
Polyacrylamide-Gel Electrophoresis
R eticu lo cy te  R N A  an d  poly(dT) w ere d issolved 
in  do u b le -s tren g th  electrophoresis buffer (electro­
phoresis buffer in  36 mM T ris, 30 mM  N a H 2P 0 4, 1 mM 
E D T A , 0 .2 %  sod ium  dodecy lsu lphate) con tain ing  
1 4 %  sucrose. 10 to  50 pg re ticu lo cy te  R N A  w ere 
m ixed  w ith  v ary in g  am o u n ts  o f poly(U ) or poly(dT) 
an d  th e  m ix tu re  w as fra c tio n a te d  on a 2 .4 %  or 3 .0 %  
gel a t  5 m A /gel, 7 V /cm  gel-length  fo r 3 h  [10,11]. 
Gels w ere scanned  fo r u ltra v io le t ab so rbance a t  
265 nm  in  a  Joyce-L oeb l U V  Gel Scanner, frozen in  
solid C 0 2 a n d  sliced tran sv e rse ly  a t  0 .8-m m  in te rv a ls  
w ith  a M ickle Gel Slicer. Slices o f gels con tain ing  32P  
w ere d ried  an d  co u n ted  in  a  Geiger tu b e  a p p a ra tu s  
w ith  a  back g ro u n d  o f 6 coun ts p e r  m in u te  [8]. Slices 
of gels w ith  [3H ]poly(U ) w ere in c u b a te d  w ith  N H 4OH, 
m ixed w ith  sc in tilla to r a n d  coun ted  as above.
RESULTS
Fractionation by Sedim entation A n a ly s is
T he sed im en ta tio n  coefficient o f [3H ]poly(U ) in  
the  absence o f an y  o th e r  ad d ed  R N A  w as 3 S to  6 S, 
as show n in F ig. 1 A. W h en  m ixed  w ith  th e  re ticu lo ­
cy te  R N A , som e poly(U ) sed im en ted  w ith  v e ry  m uch  
h igher sed im en ta tio n  coefficients. T his is ta k e n  to  
ind icate b ind ing  o f th e  poly(U ) to  poly(A) sequences 
in  R N A  to  form  faste r-sed im en ting  h yb rid s. T he 
d is trib u tio n  of poly(U ) on th e  g rad ie n t depended  
on th e  ra tio  o f poly(U ) to  re ticu locy te  R N A  app lied  
(F ig .l) .
W hen  1 pg poly(U) w as m ixed  w ith  10 pg r e t i ­
culocyte R N A , only  a sm all p ro p o rtio n  of th e  poly(U ) 
was bound to  th e  R N A  an d  m ost rem ained  u n b o u n d  
a t  th e  to p  of th e  g rad ie n t (Fig. 1 A). A p eak  of ra d io ­
a c tiv ity  a t  a b o u t 10 S, w hich w as assum ed  to  be 
h ybrid isa tion  of th e  poly(U ) w ith  th e  10-S rnR N A
Fig. 1. Sucrose density-gradient 'profiles of mixtures of 10 yg 
reticulocyte ENA and [3H ]poly(U ). (A) 1 pg [3H]poly(U), 
(B) 0.1 pg [3H]poly(U) and (C) 0.01 pg [3H]poIy(U). The 
continuous line is absorbance at 254 nm (■-------■) radio­
activity; the dotted line in (A) is the radioactivity profile 
from sedimentation of 1.0 pg [3H]poly(U) in the absence of 
reticulocyte RNÀ
for haem oglobin , w as v isib le b u t  w as p a r t ly  obscured  
b y  th e  ta il o f poly(U ) coun ts s tre tch in g  from  th e  to p  
o f th e  g rad ien t.
W hen  0.1 pg poly(U ) w as m ixed  w ith  10 pg 
re ticu lo cy te  R N A , a b o u t 30 %  o f th e  poly(U ) rem a in ­
ed  as free poly(U ) n ea r  th e  to p  o f th e  g rad ie n t (Fig. IB ) . 
T he p ea k  o f ra d io a c tiv ity  a t  10 S w as now  p ro m in e n t 
an d  sm aller peaks a t  a b o u t 13 S a n d  20 S w ere also 
ap p a re n t. (These S values w ere e s tim a ted  using  th e  
18-S a n d  4-S R N A s as m arkers .) T here  w as no
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Fig. 2. Sucrose density-gradient sedimentation of mixtures of
reticulocyte RNA and [ 3H ]poly(U ). (□ ------□) Radioactivity
profile of 10 |ig total reticulocyte RNA and 0.1 gg [3H]poly-
(U); ( • ------ • )  Radioactivity profile of 10-S to 12-S fraction
prepared from 10 pg reticulocyte RNA and 0.08 pg [3H]poly-
(U); (a A) radioactivity profile of 10-S to 12-S fraction
prepared from 10 pg reticulocyte RNA and 8 ng [3H]poly(U), 
plotted with the radioactivity multiplied ten times. Continu­
ous line: absorbance a t 254 nm of 10-S to 12-S fraction of 
reticulocyte RNA
bind ing  o f poly(U ) w ith  18-S or 28-S ribosom al R N A  
b u t  th e re  w as c learly  som e b ind ing  w ith  a  poly- 
d isperse d is tr ib u tio n .
W ith  a v e ry  low  ra tio  o f  poly(U ) to  re ticu locy te  
R N A , using  on ly  0.01 pg  poly(U ) to  10 pg re ticu lo ­
cy te  R N A  (Fig. 1 C) a lm o st all o f th e  poly(U ) sedi- 
m en ted  fa s te r  th a n  free poly(U ). T he p eak  o f b ind ing  
a t  10 S w as iden tifiab le  b u t  i t  is clear th a t  un d er 
th ese  cond itions o f lim iting  poly(U ) concen tra tion , 
m o st poly(U ) sed im en ted  fa s te r  th a n  th e  10-S haem o­
globin m R N A .
F ig . 2 show s th a t  th is  effect w as p ro b ab ly  a  resu lt 
o f n e tw o rk  fo rm ation , t h a t  is by  tw o or m ore m olecules 
of R N A  w hich co n ta in  poly(A) sequences hybrid ising  
to  a  single poly(U ) m olecule. A  10-S to  12-S frac tio n  
o f re ticu lo cy te  R N A  w as p rep a re d  b y  alcohol p rec i­
p ita tio n  o f th e  ap p ro p ria te  frac tio n s o f to ta l R N A  
sed im en ted  th ro u g h  a sucrose g rad ien t. T his R N A  
fra c tio n  w as d issolved in  g rad ie n t buffer, m ixed  w ith  
v ary in g  am o u n ts  o f  poly(U ) a n d  resed im en ted  th ro u g h  
sucrose g rad ien ts .
U n d er sa tu ra tin g  cond itions o f poly(U ), i.e. w here 
app reciab le  free poly(U ) rem ained  a t  th e  to p  o f th e  
g rad ien t, th e  v a s t m a jo r ity  o f  th e  hybrid ised , faste r- 
sed im en ting  poly(U ) w as associa ted  w ith  th e  10-S 
an d  12-S m R N A ’s a n d  coincided w ith  th e  p ea k  of 
u ltra v io le t abso rbance  on  th e  g rad ien t. V ery  lit tle  
poly(U ) sed im en ted  fa s te r  th a n  18 S. W hen  one
te n th  as m uch  poly(U ) w as m ixed  w ith  th e  sam e 
am o u n t o f 10-S to  12-S R N A , li t t le  free poly(U ) 
rem a in ed  a t  th e  to p  o f  th e  g rad ie n t a f te r  se d im e n ta ­
tion . R e la tiv e ly  few  coun ts w ere associa ted  w ith  
th e  10-S peak . M ost o f th e  coun ts w ere to  be found  
in  th e  12-S to  15-S region a n d  a  considerab le p ro p o r­
tio n  o f th e  rad io a c tiv ity  w as found  in  regions heav ie r 
th a n  18-S.
W e conclude th a t  u n d e r  cond itions o f lim iting  
poly(U ) concen tra tion , associa tion  o f  one poly(U ) 
m olecule w ith  m ore th a n  one R N A  m olecule m a y  
re su lt in  a  spurious d is trib u tio n  o f coun ts in  th e  
heav ie r regions o f th e  g rad ien t, b u t  th a t  u n d e r 
sa tu ra tin g  poly(U ) concen tra tions, n e tw o rk  fo rm a t- 
tio n  does n o t occur to  a  sign ifican t ex te n t. T he 
poly(U ) found  sed im en ting  fa s te r  th a n  18-S, w hen  
to ta l  R N A  w as m ixed  w ith  sa tu ra tin g  a m o u n ts  of 
poly(U ), therefo re  show ed genuine “ m onogam ous” 
h y b rid isa tio n  o f poly(U ) to  fast-sed im en tin g  R N A . 
A para lle l m ay  be d raw n  here betw een  th e  poly(U ) 
• R N A  com plexes sed im en ting  a t  13-S a n d  20-S 
(F ig .IB )  an d  th e  p resu m p tiv e  m R N A  com ponen ts 
rep o rted  by  o thers  a t  12-S [10,12,13] a n d  17-S [14].
Fractionation by Gel Electrophoresis
W e a tte m p te d  to  f ra c tio n a te  sim ilar re ticu lo cy te  
R N A  p lus poly(U ) m ix tu res  b y  po lyacry lam ide-gel 
electrophoresis. F ig . 3 A  show s th a t  poly(U ) w as bou n d  
in  a p eak  w ith  a n  e lec trophore tic  m o b ility  sim ilar to  
th a t  expected  fo r th e  haem oglobin  m R N A . T his 
corresponded  to  th e  p ea k  o f  poly(U ) b ind ing  a t  th e  
10-S position  found  on g rad ien ts . F ig . 3 A  also  shows 
th a t  th e re  w ere tw o peaks o f b ind ing  o f  poly(U ) to  
heav ier R N A ’s, w ith  e lec trophore tic  m obilities 
sligh tly  g rea te r th a n  th e  28-S an d  18-S ribosom al 
R N A ’s, respectively . These co rrespond to  th e  tw o 
peaks o f poly(U ) b ind ing  in  th e  h eav ie r reg ion  o f 
g rad ien ts  (F ig .IB ) . T here  w as a  v e ry  h igh  level o f 
b ackg round  or po lyd ispersed  poly(U ) labelling  on 
th e  gel.
F ro m  its  sed im en ta tio n  coefficient a n d  m olecu lar 
w eight, th e  poly(U ) used  fo r these  experim en ts 
w ould  be expected  to  h av e  an  e lec tropho re tic  m obil­
i ty  close to  th a t  o f tran sfe r  R N A  [11]. E le c tro p h o re ­
sis o f poly(U ) alone (F ig .3 B ) show ed th a t  few  coun ts 
m oved  as fa s t as tran sfe r  R N A ; m ost o f th e  poly(U ) 
h a d  a  m uch  low er m ob ility  a n d  gave a  polyd isperse 
d is tr ib u tio n  on  th e  gel sim ilar to  th a t  o b ta in ed  w hen 
m ixed  w ith  re ticu locy te  R N A . W e found  th a t  th is  
d is tr ib u tio n  w as v e ry  lit tle  a lte red  b y  p a r tia l  h y d ro ­
lysis o f th e  poly(U ) b y  alkali. W e the re fo re  conclude 
th a t  th e  m ob ility  o f poly(U ) alone is m ore o r less 
in d e p en d e n t of its  m olecular w eigh t an d  th a t  i t  
b inds to  po lyacry lam ide gels u n d e r these  conditions.
Poly(dT) d id  n o t b in d  to  th e  gel in  th is  m anner, 
b u t  m ig ra ted  as a  single, fa irly  sh a rp  p eak  w ith  a  
m ob ility  sligh tly  low er th a n  th a t  o f 5-S R N A  (Fig. 4A).
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Pig. 3. Electrophoresis, on 2.4°/0 polyacrylamide gels, of (A )  
about 25 yg reticulocyte RNA together with 0.4 yg [3H]poly(U) 
(B ) 0.4 yg [3H]poly(U) alone. The continuous line shows 
ultraviolet absorbance: the peaks are 28-S ribosomal RNA 
at 14 mm; 18-S ribosomal RNA at 25 mm and transfer RNA 
at 58 mm. The histogram shows 3H radioactivity: the peak 
a t 34 mm is interpreted as [3H]poly(U) bound to the 10-S 
haemoglobin mRNA
The e lec trophore tic  m o b ility  o f th e  poly(dT) w as in  
fac t excep tionally  low  in  view  o f its  se d im en ta tio n  
coefficient o f 2-S (Miles). T he residua l [32P ]A T P  from  
th e  labelling o f poly(dT) m ig ra ted  slig h tly  fas te r 
th a n  th e  tran sfe r  R N A .
E lectrophoresis o f  poly(dT) m ixed  w ith  re ticu lo ­
cy te  R N A  resu lted  in  th re e  ra d io a c tiv ity  peaks 
m ig ra ting  slower th a n  th e  poly(dT ) (F ig .4 B ). This 
resu lt therefo re  para lle ls th e  th re e  fast-sed im en tin g  
rad ioactive  peaks found  in po ly (U ) :re ticu lo cy te -R N A  
m ix tu res  (Pig. 1 A). W e in te rp re t th e  m o st p ro m in e n t 
of th e  poly(dT) labelled  peaks, a t  30 m m  in to  th e  
gel in  F ig .4 B , as b ind ing  o f th e  poly(dT) to  th e  10-S 
haem oglobin m R N A . T he abso rbance profile o f 
re ticu locy te  R N A  ru n  alone shows th e  10-S h aem o ­
globin m R N A  (Fig. 5) a t  33 m m  in to  th e  gel. T he 
presence o f poly(dT) du ring  electrophoresis resu lted  
in  a sh ift of th e  10-S absorbance p ea k  from  33 m m
Pig. 4. Electrophoresis, on 3°/0 polyacrylamide gels, of (A )  
[ 3-P]poly(dT) alone, (B ) about 25 yg reticulocyte RNA  
together with [32P]poly(dT). The continuous curve shows 
ultraviolet absorbance: the peaks are 28-S ribosomal RNA 
a t 5 mm, 18-S ribosomal RNA a t 19 mm and transfer RNA 
a t 59 mm. The histogram shows 32P  radioactivity: free [32P]- 
poly(dT) a t 50 mm and poly(dT) bound to 10-S haemoglobin 
mRNA a t 29 mm
to  a  reg ion  o f s lig h tly  low er e lec trophore tic  m obility , 
a t  29 m m  (Fig. 5). T h is w as co inciden t w ith  th e  
po ly(dT ) ra d io a c tiv ity  p eak . S uch a decrease in  elec­
tro p h o re tic  m o b ility  w ould  be ex p ected  as  a  re su lt 
o f  th e  increased  m olecu lar w eig h t o f  th e  m R N A  
a f te r  ad d itio n  o f th e  po ly(dT ) m olecule. T h e  a p p a re n t 
m olecu lar w eigh t o f  th e  m R N A  • po ly(dT ) com plex 
w as a b o u t 300000, ca lcu la ted  from  its  e lec trophore tic  
m o b ility  [11] a n d  using  th e  5-S a n d  18-S ribosom al 
R N A  as s ta n d a rd s . T his value  is s lig h tly  h igher th a n  
th e  sum  o f th e  m olecu lar w eights, m easu red  b y  
elec tro p h o re tic  m obility , o f th e  po ly(dT ) (60000, 
F ig . 4) an d  th e  10-S m R N A  in  th e  absence of poly(dT) 
(210000, F ig .5).
DISCUSSION 
T h is m e th o d  allow s a  v e ry  sim ple c h a rac te risa ­
tio n  o f th e  d is tr ib u tio n  o f those  R N A  m olecules
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Fig. 5. Electrophoresis of reticulocyte RNA with and without 
[ 32P]poly(dT) : expansion of the region from 20—35 mm in 
F igA B . (A) Ultraviolet absorbance scans of (-------) reticulo­
cyte RNA alone: the peak a t 33 mm is the 10-S haemoglobin
30  35
(m m )
mRNA and (........ ) reticulocyte RNA run together with
[32P]poly(dT). (B) 32P  radioactivity on gel of reticulocyte 
RNA plus poIy(dT). The peak a t 29 mm is the hybrid of 
poly(dT) and 10-S mRNA
w hich co n ta in  poly(A ) sequences. I t  is  n o t necessary  
to  label th e  cells or th e  R N A . T he m e th o d  de tec ts  
such R N A  m olecules in d e p en d e n tly  o f th e ir  r a te  of 
tu rn o v e r  in  th e  cell. T he usefulness o f th e  techn ique  
will obviously  d epend  on th e  e x te n t to  w hich 
poly(A ) sequences occur in  m R N A  a n d  in  nuclear 
heterogeneous or o th e r  R N A ’s. So far, poly(A) 
sequences h av e  been  found  in  m am m alian  R N A , in  
X en o p u s  R N A  (R osbash  a n d  F o rd , personal com ­
m un ica tion ), in  y e a s t R N A  (C reanor a n d  F raser, u n ­
p u b lish ed  resu lts) an d  i t  h as  long been  know n th a t  
heterogeneous R N A  from  p la n t  tissues has  a  v e ry  
h igh  adenosine c o n te n t [15]. O n th e  o th e r  h an d , i t  
is know n  t h a t  poly(A ) sequences a re  n o t p re se n t in  
tw o so rts  o f iden tifiab le  m R N A  m olecules : those  for 
h istones [16] a n d  tobacco  m osaic v iru s R N A  (Fraser, 
u n p u b lish ed  resu lts).
T he m e th o d  p rom ises to  be a m eans o f es tim atin g  
th e  to ta l  a m o u n t o f m essenger R N A  in  a cell or 
tissue, b y  t i t ra t in g  th e  adenosine-rich  sequences 
w ith  rad io a c tiv e  po lynucleo tides, as is illu s tra te d  in  
F ig . 1. W e fo u n d  th a t  a  m ax im u m  of 0.025 pg  poly(U) 
w as b o u n d  to  th e  haem oglobin  m R N A  w hich is 
co n ta in ed  in  10 pg  to ta l  re ticu lo cy te  R N A . I f  we 
assum e th a t  th is  rep resen ts  0.1 pg haem oglobin  
m R N A  [12] w hich  h as a  m olecu lar w eigh t o f a b o u t 
200000 (Fig. 5) [12,17] a n d  i f  th e  m olecular w eigh t o f 
th e  poly(U ) is  50000, th e n  one poly(U ) m olecule has 
been  b o u n d  p e r  m R N A  m olecule. T his re su lt suggests 
t h a t  th e  a m o u n t o f poly(U ) b ind ing  m ay  be used  as
a  rough  assay  o f th e  am o u n t o f m essenger R N A  
p resen t, includ ing  m R N A  m olecules w hich h av e  a 
po ly-disperse d is trib u tio n  on g rad ien ts  o r gels.
F o r b o th  th e  assay  o f  th e  am o u n t o f m essenger 
p rese n t a n d  ch a rac te risa tio n  o f size d is tr ib u tio n  of 
m R N A s, i t  is im p o r ta n t th a t  th e  hom opolym er 
m u st be p re se n t in  sm all excess. T his avoids spurious 
resu lts  from  n etw o rk  fo rm a tio n  w hich occur u n d er 
lim iting  hom opolynucleo tide co n cen tra tio n s an d  
u n clea r resu lts  w hich occur u n d e r cond itions o f  v a s t 
po lynucleo tide excess. To avo id  n e tw o rk  fo rm ation , 
i t  w ould  u n d o u b te d ly  be o f ad v a n ta g e  to  use a 
rad io ac tiv e  hom opolynucleo tide w ith  th e  sh o rte s t 
cha in  len g th  consis ten t w ith  fo rm a tio n  o f s tab le  
hyb rid s  w ith  poly(A) regions.
A n a lte rn a tiv e  ap p ro ach  fo r th e  ch a rac te risa tio n  
o f R N A  w hich con tains poly(A) sequences is to  f ra c ­
tio n a te  th e  R N A  on sucrose g rad ien ts  o r b y  gel 
electrophoresis a n d  th e n  to  challenge each  fra c tio n  
w ith  labelled  poly(U ) (J . B ishop, personal com m uni­
cation). T his procedure does n o t a lte r  th e  f ra c tio n a ­
tio n  p ropertie s  o f th e  R N A . I t  is  possib le to  use 
ribonuclease to  d igest aw ay  a n y  free poly(U ) m ole­
cules an d  to  o b ta in  ex a c t m easures o f th e  a m o u n t 
hyb rid ised . T he tech n iq u e  we describe here is, 
how ever, m uch  sim pler, a n d  u n d er su itab le  conditions 
n e ith e r b ackg round  coun ts n o r n e tw o rk  fo rm a tio n  
in te rfe re  w ith  th e  resu lts. F u rth e rm o re , th e  increase 
in  a p p a re n t m olecular w eight o f th e  m R N A  in  th e  
presence of poly(U ) or poly(dT) can  help  to  id e n tify
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th e  tru e  abso rbance  peak s o f m essenger R N A  an d  
d istingu ish  th e m  from  th e  v e ry  m an y  o th e r m inor 
R N A  com ponents. Such a sh ift o f ab so rbance peaks 
can, o f course, on ly  be seen b y  gel elec trophoresis 
an d  n o t on sucrose g rad ie n ts  w hich lack  th e  necessary  
resolving pow er.
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A B S T R A C T
A simple physical method for measuring abscisic acid concentration in plant material is described. 
Abscisic acid in partially purified extracts was radiolabelled by reaction with l4C-diazomethane to 
give 14C-methyl abscisate, which was purified from other radiolabelled products by thin layer 
chromatography. Abscisic acid concentration was measured by comparison of the l4C radioactivity 
incorporated into plant abscisic acid with that in standard ,4C-methyl abscisate prepared under the 
same conditions from known amounts of pure abscisic acid. Losses of abscisic acid which occurred 
during purification were corrected by measuring the recovery of JH-abscisic acid added to initial 
extracts.
Abscisic acid concentration was measured by radioassay and by conventional electron 
capture-gas chromatography in oat, bean, and turgid or wilted tobacco leaves. Results from the two 
methods were closely comparable. Radioassay is as rapid and sensitive as existing procedures for 
measuring abscisic acid, but requires only simple and inexpensive chromatographic equipment.
IN T R O D U C T IO N
Abscisic acid (ABA) is a naturally occurring hormone important in control of 
growth, senescence and water status in plants (reviewed by Letham, Goodwin, and 
Higgins, 1978; Walton, 1980). It can be assayed by gas chromatography (GC), 
high pressure liquid chromatography (HPLC), and radioimmunoassay (RIA) 
(Seeley and Powell, 1970; Ciha, Brenner, and Brun, 1977; Walton, Dashek, and 
Galson, 1979; Weiler, 1979).
In this paper we describe a novel physical method for measuring ABA 
concentration in plant material. The method is rapid, simple, and highly sensitive; it 
does not involve immunological procedures or complex chromatographic 
equipment.
M A T E R IA L S  A N D  M E T H O D S  
Plants
Tobacco (Nicotiana tabacum L. cv. White Burley), bean (Phaseolus vulgaris L. cv. The Prince), 
and oat (A vena saliva L. cv. Osprey) plants were grown in Levington Universal compost under 
normal glasshouse conditions. Leaves were detached from tobacco plants and wilted for various 
times in a stream of warm air to produce a wide range of endogenous ABA concentrations; 
percentage loss in fresh weight in the different treatments was recorded. All harvests were made 
when plants were 6-10 weeks old.
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A HA extraction and initial purification
Leaf samples of 1-2 g fresh weight were homogenized at 0 °C in 10 ml 80% (v/v) methanol 
containing 10 mg 1 1 butylated hydroxytoluene. Where it was required to measure the percentage 
recovery of ABA after purification. ’H-ABA ( d l - c /s , /ra//s|G-'H labscisic acid: 888 GBq mmol"1; 
Radiochemical Centre. Amersham; diluted with unlabelled cis. trails-ABA to a specific activity of 
418 MBq mmol"1) was added to samples prior to homogenization.
The homogenate was centrifuged at 2000 g for 5 min. and methanol removed from the 
supernatant in vacuo. The aqueous residue was successively partitioned with dichloromethane at pH 
8-3 and 3-0 (Whenham and Fraser. 1981). The acid dichloromethane fraction containing ABA was 
dried over anhydrous sodium sulphate and redissolved in methanol. Extracts were purified by thin 
layer chromatography (TLC) on silica gel plates (Whatman LK6DF with preabsorbent zone) 
developed twice with toluene/ethyl acetate/glacial acetic acid (25:15:2 , by vol.) with (±)-cis, 
trans-ABA (Sigma Chemical Co.) as marker. Zones on chromatograms corresponding to cis. 
trans-ABA were located under ultraviolet light and eluted with methanol.
1-85 MBq (1-03 mg) of 14C-diazald (AM l4C Imcthyl-A'-nitroso-p toluene-sulphonamide; 385 MBq 
m m ol'1; Radiochemical Centre. Amersham) was added to unlabelled diazald (25 mg) in 5 ml 
ether/carbitol (3 :2 . bv vol.). The 14C-diazald was stable indefinitely if stored dry at —20 °C; 
solutions were stored at —20 °C for several weeks without detectable degradation.
14C Diazomethane was liberated front the l4C-diazald solution by addition of 1 ml 60% (w/v) 
potassium hydroxide, and dissolved in 5 ml ether/methanol (9:1. by vol) (Schlenk and Gellerman, 
I960). Ethereal diazomethane was added to ABA extracted from leaves and to known weights of 
pure cis. trans-ABA in sealed vials, in sufficient excess to give quantitative estérification of the ABA 
present.
Radiolabellcd methyl abscisate (McABA) was separated from other radiolabelled reaction 
products by TLC on silica developed twice with hexanc/elhyl acetate (3:1. by vol.) containing 200 
mg 1 1 butylated hydroxytoluene. Zones on chromatograms containing MeABA were located under 
ultraviolet light and eluted with ethyl acetate. A sample of the eluate was mixed with 5 ml 
scintillation liquid (5 g 2-(4'-tert-butylphenyl-5-(4"-biphcnylyl)- 1.3,4-oxadiazole I"1 toluene) and 
counted in an LKB Rackbeta liquid scintillation counter. Correction of counts to 100% counting 
efficiency was by the external standard channels ratio method. Where ’H-ABA was used as 
recovery standard. I4C and ’H radioactivity were measured in the same sample by dual isotope 
counting. Counts in each channel were corrected for cross over between channels, and to 100% 
counting efficiency for each isotope, by the automatic dual channel quench correction programme.
ABA concentrations in leaf samples were calculated using the equation:
where A = 14C radioactivity (d m in"1) in the leaf sample
B = ’H radioactivity (d min" 1) in the standard ABA added at the beginning of extraction
C =  14C radioactivity (d m in"1) per ng pure cis. trans-ABA radiolabelled under the same
conditions
n  - ’H radioactivity (d m in"1) recovered in the purified MeABA 
E ng 'H-ABA added at the beginning of extraction
F fresh weight of leaf sample.
In words, the equation uses the ’H-ABA recovery values to correct l4C-ABA radioactivity to 100% 
recovery, and converts ABA 14C radioactivity to ABA weight using the 14C radioactivity of a 
known amount of pure cis. trans-ABA  radiolabelled under the same conditions. The weight of leaf 
ABA is found by subtracting the weight of the ’H-ABA recovery standard added at the start of 
purification, and concentration is calculated by dividing by sample fresh weight.
Electron capture—gas chromatography (E C -G C )
ABA concentration in samples prepared for radioassay was also measured by gas 
chromatography, using a 2 m column of 2-5% OV I/Gas-Chrom Q at 235 °C. Injector and 
detector were maintained at 300 °C. The carrier gas was argon/methane (95:5) at a flow rate of 30
Radioassav
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ml min 1 through the column (Whenham and Fraser. 1981). The electron capture detector was 
calibrated bv chromatography of known amounts of MeABA (pure cis. trans ABA. methylated 
with unlabelled diazomethane).
The identification of ABA on chromatograms was confirmed by mass spectrometry. Individual 
samples prepared as for EC-G C were combined to obtain sufficient material. A Kratos model 902 
spectrometer was used, with a scan rate of 9 s per decade, source temperature 200 °C. and 
ionization energy 70 eV. Samples were analysed by direct probe, or by combined gas 
chromatography-mass spectrometry (GC-M S). using a column of 3% OV-1 and flame-ionization 
detector.
The combined GC-M S of cis. trans-MeABA purified from leaves agreed closely with the 
published mass spectrum of pure MeABA (Gray. Mallaby. Ryback. and Williams. 1974). The 
specific activity of the 14C-diazomcthane used in the methylation reaction was not high enough to 
cause detectable alteration in the mass spectrum. The total ion current from m/e 51 to m /e 281. 
measured in the middle of the cis. trans-MeABA peak was 55 567. The ion current due to those ions 
also present in the mass spectrum of pure standard cis. trans-MeABA  was 43 124. indicating an MS 
purity of the peak of 78%. However, this is a serious underestimate of the purity, as no allowance 
could be made for the background contribution to the total ion current due to column bleed. The 
most abundant contaminating ion in the peak not due to MeABA was mass 131; its ion current was 
only 1% of the combined ion currents of the MeABA-derived ions. These data therefore indicate 
that electron capture-gas chromatography was measuring authentic ABA in the absence of 
significant levels of contaminants.
R E S U L T S  A N D  D I S C U S S I O N  
Radioassay o f  A BA
Figure 1 shows that the l4C-methylation reaction was linear over a very wide range 
of ABA concentration. The equilibrium of the reaction strongly favours formation 
of the methyl ester. Control experiments showed that in the presence of excess 
diazomethane, esterification was quantitative (more than 95%). In practice, the 
amount of l4C-diazomethane added to each sample was an excess of that required 
for complete esterification of the known or expected ABA content.
Success of the radioassay depended with leaf samples on completely purifying 
the 14C-MeABA from all other components in the extract which could become 
radiolabelled. The initial purification of free ABA before radiolabelling, by solvent 
partition and TLC, removed many interfering substances. These included 
compounds closely related to ABA such as glucosyl-ABA, trans, trans-ABA, 
MeABA, phaseic acid, and dihydrophaseic acid (Zeevaart and Milborrow, 1976; 
Weiler, 1980).
The choice of TLC conditions used to purify 14C-MeABA in the second TLC 
stage was critical. TLC on silica, multiply developed with hexane/ethyl acetate, 
separated l4C-MeABA completely from other radiolabelled reaction products. The 
purity of the l4C-MeABA prepared by TLC is clearly central to the reliability of the 
method, and was therefore established in several ways.
(1) The product gave only a single radioactive spot, with a mobility 
corresponding to that of authentic MeABA, when eluted and refractionated 
by TLC using five different solvent systems; hexane/ethyl acetate (3:1); 
dichloromethane/methanol (85 ; 15); hexane/acetone (1 :1);  n-butanol/16 N 
ammonium hydroxide/water (86 :5 :14) ,  and toluene/ethyl acetate/acetic 
acid (50 :30 :4 ) .  Any significant amounts of contaminating radiolabelled 
products would have been detected as separate radiolabelled spots on at least 
one of these solvent systems.
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F i g . I. Standard curve for abscisic acid radioassay. Pure cis. i r o n s - -'H-ABA (5 ng- 5 0  ,ug, specific 
activity 100 MBq mmol ') was ,4C-labelled with l4C-diazomethane and purified by T L C  in 
hexane/ethyl acetate. IJC-radioactivily incorporated into M eABA was corrected to 100%  recovery 
using the -'H recovery measurements.
(2) Radiolabelled MeABA was eluted from the TLC plate and successively 
rechromatographed using each of the five solvent systems in turn. The 
specific activity of the starting material (radioactivity per unit weight of 
MeABA. measured by E C -G C )  was 4-1 MBq mmol-1 ; after the five further 
chromatogaphic steps it was 4-4 MBq m m ol-1, i.e. not significantly different. 
Any contaminating radiolabelled products in the starting material would 
have been removed by the five further chromatographic steps, and this would 
have been detected as a reduction in specific activity of the 14C-MeABA 
after these steps.
(3) Fractionation of the 14C-MeABA by gas chromatography showed a major 
peak of c/s, fra/is-MeABA, and a minor peak of trans, trans-MeABA. The 
trans, trans-MeABA was normally less than 5% of the c/s, trans-MeABA, 
and arose by light-stimulated isomerization of ABA during the second TLC
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stage. The fiame-ionization detector in particular would have revealed any 
significant amounts of other C - H  containing compounds, but minor peaks 
on the chromatograms accounted for less than 5% of the MeABA peaks. 
Combined G C -M S  showed that the 14C-MeABA was not contaminated by 
significant amounts of other compounds which co-chromatographed with 
the cis, trans-MeABA peak.
(4) With direct probe assay mass spectrometry, the whole sample is assayed 
without prior fractionation by GC. The mass spectrum of 14C-MeABA by 
direct probe assay was again closely comparable with the published mass 
spectrum of pure MeABA (Gray et al., 1974). Purity was estimated to be 
close to 100%, but could not be more precisely determined because of 
difficulties in quantifying background. The mass spectrum showed no sign of 
major contamination by ions not derived from MeABA.
(5) The specific activity of 14C-MeABA prepared from leaf extracts was the 
same as that of l4C-M eABA prepared from pure cis,t>'ans- ABA 
radiomethylated under the same conditions. If the leaf extract had contained 
significant amounts of radiolabelled compounds other than l4C-MeABA, this 
would have shown as an apparent specific activity higher than that o f pure 
MeABA.
We consider that these results provide conclusive proof that the purification 
procedure gave complete separation of 14C-MeABA from other radiolabelled 
reaction products. Several other TLC/solvent systems were tried, but were found to 
be less effective.
Radioassay was used to measure ABA concentration in turgid and wilted 
tobacco leaves, and the results compared with conventional E C -G C . After 
radiolabelling with 14C-diazomethane and purification by TLC, samples were 
divided. The ABA content of one portion was measured by radioactivity, and of the 
other by GC. Losses of ABA which occurred during extraction and purification 
thus affected both methods equally in this experiment: no radioactive recovery 
standard was added.
Both radioassay and E C -G C  gave very similar values for ABA concentration of 
individual samples, over a very wide range (50-fold) of endogenous concentration 
(Table 1). Estimates of ABA concentration from the two assays differed by 7 ± 1% 
over the whole concentration range. These results therefore show that radioassay is 
a reliable method for estimating ABA concentration.
Use opF l-A B A  as recovery standard
A problem affecting both radioassay and E C -G C  is loss of ABA which occurs 
during purification. Table 1 shows that, with either method, replicate samples from 
leaves which had received the same treatment showed considerable variation in 
measured ABA concentration: much of this variation can be ascribed to variation 
in ABA recovery. For accurate analysis, therefore, a recovery standard must be 
added to each extract to allow correction of losses. I4C-ABA is a convenient 
standard for E C -G C  (Whenham and Fraser, 1981) but obviously cannot be used 
in radioassays employing l4C-diazomethane. Instead, 3H-ABA (Walton, Wellner,
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T a b l e  1. A BA concentration in extracts fro m  turgid and wilted tobacco 
leaves, m easured by radioassay and electron capture-gas chrom atography














and Horgan, 1977) was used as recovery standard for radioassay. Control 
experiments showed that the specific activity of 3H-ABA was unaffected by the 
purification methods used: loss of radioactivity by 3H exchange therefore did not 
occur.
Use of 3H-ABA as recovery standard for the 14C radioassay required dual 
isotope counting of the final sample. In practice, it proved simple to establish 
counting parameters which allowed reliable correction for cross-over between the 
3H and 14C channels, and for quenching in each channel. Control experiments 
showed that the additional errors in measurement of either 3H or 14C radioactivity 
introduced by simultaneous measurement of  the other isotope were negligible.
3H-ABA added to extracts also acted as a carrier, and increased the percentage 
recovery of ABA during purification, particularly from tissues with low endogenous 
ABA concentrations (Milborrow, 1978). However, for reliable results, it was 
important that the amount of 3H-ABA added did not exceed the endogenous ABA 
content of the sample.
Table 2 shows a comparison of measurements of ABA concentration in three
T a b l e  2 .  M easurem ent o f  endogenous A B A  concentrations in leaves o f  three
species by radioassay and electron capture-gas chrom atography
•’H-ABA was used as recovery standard for all assays. Values are means ± standard errors.
Species ABA concentration/ng g-1 fr. wt.




Oat 44 + 6 36 + 6 4
Bean 37 + 7 31 + 10 3
Tobacco 264 + 11 235 + 7 8
(wilted)
species, by radioassay and E C -G C . In all cases, 3H-ABA was used as recovery 
standard. It is clear that both methods gave very similar answers for each species. 
Furthermore, the magnitude of the errors was similar for both methods. These 
results therefore suggest that radioassay, using 3H-ABA as recovery standard, is a 
reliable method for estimating ABA concentration in leaves.
Comparison o f  radioassay with other methods
Under the l4C-labelling conditions used, the radioassay detection limit for ABA 
in purified leaf samples was 4 ng, giving a count rate of twice background. This 
compares well with the sensitivity of E C -G C  and HPLC, both of which require 
about 2 ng ABA per purified sample (Ciha et ah, 1977). Recently, a 
radioimmunoassay has been described with a lower measurement limit of 53 pg 
ABA (Weiler, 1980); this appears to be the most sensitive method currently 
available. The sensitivity of the radioassay described here can be increased to 150 
pg ABA per sample, by using the 14C-diazald undiluted with carrier. With this 
degree of sensitivity, radioassay is capable of measuring the lowest ABA 
concentrations yet reported to occur naturally (Milborrow, 1978) while still using 
conveniently small samples of 1 g or less. For the great majority of experimental 
applications, however, use of l4C-diazald diluted with non-radioactive carrier gives 
sufficient sensitivity.
Radioassay has some useful advantages over other techniques for measuring 
ABA concentration. It is at least as rapid and sensitive as E C -G C  and HPLC, but 
requires only simple and inexpensive chromatographic equipment. Radioassay does 
require a scintillation counter, but so do RIA, and E C -G C  or H PLC when a 
radioactive recovery standard is used.
E C -G C  requires frequent detector standardization to ensure reliable results, 
particularly when only partially purified extracts are analysed (Quarrie, 1978). 
Radioassay needs only a single standardization for each batch of 14C-diazald. 
Obviously, before use of radioassay with any previously untried species, it would be 
necessary to check that the second TLC stage did separate 14C-MeABA from other 
radiolabelled compounds.
Until recently, sera against ABA lacked specificity: ABA esters, phaseic acid, 
and dihydrophaseic acid had to be removed by solvent partition and 
chromatographic steps before assay of ABA by RIA (Walton et ah, 1977). Highly 
specific antisera for ABA have now been produced (Weiler, 1980) which can be 
used with crude extracts of leaf. With this, RIA is more rapid than radioassay for 
individual measurements, but production of the antisera requires complex 
immunological procedures. If groups of samples are produced together by 
radioassay, the mean process time per sample is about 30 min, and all reagents are 
immediately available. Cost of reagents per sample is minimal. RIA also has a 
rather limited linear response range (Walton et a!., 1979; Weiler, 1979, 1980): in 
contrast radioassay gives a linear response over a very wide range of ABA 
concentration (Fig. 1).
With suitable modification of the extraction and TLC stages, it is probable that 
radioassay could be used to measure, with the same sensitivity, the concentration of
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other compounds related to ABA, such as phaseic acid and dihydrophaseic acid.
‘Bound’ ABA (ABA glucosyl ester; Milborrow, 1970) can also be measured by
radioassay after conversion to free ABA by alkaline hydrolysis.
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